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EXECUTIVE SUMMARY
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SECTION I

INTRODUCTION

A. OBJECTIVE

The objectives for this project were: (1) to simulate a spill of JP-4
fuel in a small estuarine pond and, by following the fate of selected hydro-
carbons in the fuel, attempt to assess the value of laboratory experiments
performed at the same time) in predicting events in the field study; (2) To
determine if biotic or abiotic degradation of the synthetic missile fuels
would occur in water and/or sediment and, if the fuels persisted, determine
their toxicity to a standard test organism typical of marine habitats.

B. BACKGROUND

Hydrocarbons are introduced into the surface waters of marine environments
through runoff and erosion, effluent discharges, atmospheric deposition, and
accidental spills. The extensive transportation of jet fuels over land and
water, particularly in areas near bays, estuaries, and wetlands, has produced
increased concern over the effects of these fuels on marine and estuarine
environments (Reference 1). Of particular environmental concern in aquatic
environments are the toxic hydrocarbons with the boiling range between the
n-C6 and n-C14 hydrocarbons, a group that constitutes the major fraction of
jet fuels. The degree of incorporation of these hydrocarbons into the water
column of aquatic ecosystems, following a spill or discharge, will largely
determine the potential for adverse environmental impact.

The fate of spilled hydrocarbons in aquatic environments is controlled
by a variety of processes including surface spreading, evaporation, emulsi-
fication, and microbial and photochemical degradation. Sorption onto particu-
lates can carry hydrocarbons, at varying rates, to bottom sediments. The
importance of some of these processes on the fate of jet fuels has been
addressed in a variety of laboratory studies (Reference 2). Because of our
reliance on this laboratory information to make predictions about the fate of
jet fuels in complex natural systems, comparisons of fate data from laboratory
and field studies studies was necessary as a means of improving our confidence
in the environmental significance of laboratory data.

As with jet fuels, the increased use of synthetic missile fuels creates
a similar potential for spillage into estuarine and marine environments. A
study of of the fate and toxicity of these fuels in aquatic test systems was
therefore necessary.

C. SCOPE

As with any laboratory studies that are potentially used to make predict-
ions about events in the field, it is important to perform field validation of
the results. In examining the laboratory information produced on the fate of
jet fuels in aquatic systems, it was decided that the most important aspect of
these studies to validate was the effects of sediment on biodegradation and
volatilization rates. This decision was based on results which showed that
when jet fuel was appled to the surfdce Of the shallow water column contained
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in the quiescent bottle test, it would evaporate at approximately the same rate
as jet fuel spilled on the surface of a body of water in the field. There was
little need of further validation. However, the fate of jet fuel when it
becomes mixed with sediments is considerably more complicated because of the
generally undisturbed nature of the sediment bed, the large volumes of water
covering the sediment, and the metabolic potential (or lack of it) possessed
by the microbial communities associated with the sediment. The ability to
simulate these sediment factors in laboratory test systems was uncertain and
thus field validation of this aspect seemed appropriate.

The quiescent bottle procedure incorporates an initial shaking step to
promote contact of the jet fuel with sediment as it might occur during a spill
incident. To artificially create a similar situation in the field, however,
would reouire a major logistical undertaking that was beyond our field capabi-
lities. It was decided, therefore, to perform a field validation exercise by
initially contaminating sediments, from a selected field site, with a speci-
fied amount of jet fuel and then adding this contaminated sediment back to
the field site. This procedure would essentially be equivalent to the initial
shaking step and the subsequent incubation method in the quiescent bottle
test. In addition, the contaminated sediment would be added to a laboratory
test system. The fate of the hydrocarbons in both laboratory and field systems
would be cowipared. Our studies have shown that information from labo,-atory
tests was only partially sufficient for predicting the fate of JP-4 in a
small pond. However, both laboratory and field studies indicated that many
hydrocarbons in jet fuel will persist if they become associated with sediments
in aquatic environments.

Since little information was known about the fate of missile fuel in
aquatic systems, simple laboratory tests would be used to follow the disappear-
ance rate of hydrocarbons in the missile fuels RJ-5 and JP-9. Shake-flask
studies would be performed using water and sediment samples from three different
estuarine sites. The importance of biodegradation relative to volatilization
would be assessed by comparing sterile and nonsterile treatments. Toxicity
of the missile fuels to microbial communities and mysid shrimp would also be
examined using the Andpoints of mineralization of radiolabeled substrates and
mortality over a 96-hour period, respectively. Our studies have shown that
the synthetic hydrocarbons of RJ-5 and JP-9 were quite persistent in water
and sediment samples from aquatic systems, showing no biodegradation over the
course of our experiments. The missile fuel, RJ-5 was toxic to mysid shrimp.
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SECTION II

JET FUEL STUDIES
A. RESEARCH PLAN

When fuel oils are spilled in aquatic systems, the associated hydrocar-
bons will either volatilize, dissolve in the aqueous medium, sorb to sediments
and suspended particulates, or be degraded by communities of microorganisms.
Our previous studies (Reference 2) have shown, based on laboratory tests, that
these processes occur to varying degrees with jet fuel. To establish the
validity and significance of these results, we elected to further study the
fate of jet fuel using a field approach. The following plan of action was con-
sequently developed:

a. Compare previous test results with published information.
b. Examine the literature for guidance in performing a field

validation of laboratory data.
c. Design and implement a field study to assess the environmental

fate of jet fuels in aquatic system.
d. Compare results of laboratory and field tests.

1. Literature Review

Two important aspects of our previous laboratory studies merit special
consideration because of their impact in assessing potential adverse effects of
a jet fuel spill in an aquatic environment. These are: (a) the rapid biodegra-
dation, in pristine waters, of aromatic hydrocarbons relative to aliphatic hy-
drocarbons when these hydrocarbons are available (i.e., not lost to volatility)
to microbial communities in the water column and (b) the apparent persistence
of jet fuel hydrocarbons when they become associated with natural sediments.
The validity of these observations can be determined initially by making
comparisons with the existing literature.

Relative biodegradation rates of aromatic and aliphatic hydrocarbons
in petroleum products by natural microbial communities in aquatic environments
is not clearly established and conflicting results appear in the literature.
The general dogma is that normal alkanes are the first hydrocarbons to biode-
grade in an oil spill situation; past reports have indicated that the aromatic
fraction of oil was quite resistant to microbial attack (References 3 and 4).
Lee et al. (Reference 5), for example, found that in Georgia salt marsh areas
dosed with a heavy fuel oil, the aromatic hydrocarbons were not substantially
degraded until approximately 45 days after the dosing. However, recent studies
indicate exactly the opposite result. Fedorak and Westlake (Reference 6)
examined the biodegradation of Prudhoe Bay crude oil under "shake-flask"
conditions using a specific extraction and column-separation procedure to eval-
uate the relative biodegradability of saturated and aromatic hydrocarbons.
They observed in pristine and polluted water samples that the aromatic fraction
was degraded more rapidly than the saturate fraction. Supplementation with
nitrogen and phosphorous increased the degradation of the saturate fraction in
their experiments, but the simple aromatics (naphthalene, 2-Inethylnapthalene)
still degraded more readily than the n-alkanes. Jones (Reference 7) revealed
in the monitoring of oil-polluted sediments in the Shetland Islands that the
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alkylaroriatic hydrocarbons were also degraded hefore degradation of the normal
alkanes. In fact, ratios of pristane to heptadecane remained relatively
constant, while ratios of pristane to the aromatic components increased
rapidly. Ward et al. (Reference 8), reported similar observations in a study
of oil-polluted sediments from the Amoco Cadiz spill area. They observed a
substantial decrease in the normal alkanes and the mono- and diaromatic hydro-
carbons, but not the branched alkanes, triaromatics and dibenzothiophenes.
Studies by Albaiges and Cuberes (Reference 9) showed that the degradation of
alkanes was slower with increasing chain length, leading to relative persist-
ence of the higher paraffins. The aromatic fraction of the oil they studied
showed sequential, but relatively rapid, biodegradation; degradation of the
alkylbenzenes preceded degradation of the polynuclear aromatic materials.

These results support our observations (Reference 2) of rapid bio-
degradation of many aromatic hydrocarbons but relatively slow degradation of
the alkanes and branched alkanes, particularly those of higher molecular
weight. This pattern of degradation may be due to the greater availability
of the aromatics to the microbial communities in water, as many of the volatile
aromatic hydrocarhons in jet fuel readily dissolve in the surrounding aqueous
medium. This solution or water-soluble fraction (WSF) is dominated by alkyl

benzenes and napthalenes (References i) and 11). Researchers cannot agree on
the factors (ifectin, dissolution (increased availability to mic" organisms)
or evaporation (decreased availability to ricroorganisms) in any particular
environ'entrl .avple. Roehm et al. (Reference 12) observed almost equal
losses of aroratics 1hi(qh solubility) and alkanes (low solubility), attri-
huting their resuilts to volatilization. 7urcher and Thuer (Reference 13), on
the other hand, observed rapid loss of isopropylbenzene, compared to that for
nonane, and attributed the results to dissolution. Several environmental
factors have been shown to affect the WSF (Reference 11); lower temperatures
decreased solubility of the WSF whereas water turbulence increased the WSF
concentration. However, original composition of the oil or fuel was the
dominant factor affectinu the WSF. These variables, therefore, could greatly
affect thf. observed rapid degradation of aromatic hydrocarbons.

The apparent persistence of hydrocarbons in fuel-contaminated sedi-
ments as seen in our previous work has heen observed in other studies on oil
degradation. Since petroleum hydrocarhors are hydrophobic, a major transport
mechanisri of these chemicals in riverine ind estuarine systems is associated
with suspended particulates. Pollutant yrocarbons, theretore, tend to
readily accumulate on particulate materials or in sediments (References 14 and
15). The fate of oil in natural sediments has been studied, using a technique
of plaLing oil-contaminated sediments in plexiglass trays and lowering the
trays onto the sediment bed of a particular field locatinn (References 16 and
17). Extensive sampling over a 2-year period revealed vry slow biodegradation.
A significant decrease in the aliphatics (less than C17 length) and diaromatics
was obse'ved, hut little decrpase in the triaromatics and sulfur-containing
hydrocar;ons occurred. Although attempts were made to mix oil and sediments
in these studies, a high degree of spatial and temporal variability was noted
hetween replicate samples because of sediment trapping( ot the oil. Hydrocar-
hons fror, refinery wastes entering an estuary in Fnqland were found to rap-;Vy
adsorb to sediments (Refprncps 1R and l')). Littlf, chanqe in concentration of
hydrocarbons with dppth in the sediment sugg(ested that mixing or hiodpqradation
was not occurrinq. Pan',, ind Atlas (tetrencp 201) examinpd the hiotir fate
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of Prudhoe Bay crude oil in near shore sediments of the Beaufort Sea, using a
small enclosure in the field. Oil in sediments degraded very slowly, with
only the low molecular weight (< C18) alkanes showing significant losses over
a 1-year exposure period.

In other situations, significant biodegradation of hydrocarbons in
sediments has, in fact, been detected or inferred. Jones et al. (Reference
7) and Ward et al. (Reference 8) found that alkanes and aromatic hydrocarbons
degraded in sediments following contamination from an oil spill. Bates et
al., and Hamilton et al. (Reference 21 and 22), havinq found three times the
concentration of polynuclear aromatic hydrocarbons in suspended sediments as
they did in surficial bottom sediment, concluded that because the flux of
aliphatic hydrocarbons to sediment was greater than the rate of hydrocarbon
accumulation in sediments, biodegradation of sorbed hydrocarbons was occurring.
Others have provided indirect evidence for hydrocarbon biodegradation in
sediments by showing that the number of hydrocarbon degraders was elevated in
oil-contaminated sediments relative to uncontaminated sediments (References
23 and 24). Four different types of oil (Arabian, Libyan, Number 6 and
Number 2 crude oil), when applied to salt marsh test plots, persisted in
sediments for up to 1 year (Reference 25). However, enrichment of alkyl-
substituted phenanthrene relative to alkyl-substituted naphthalene (present
in the original oils) and the enrichment of isoprenoid hydrocarbons (pristane
and phytane) relative to n-alkanes suggested that some degradation had occurred.
Biodegradation of hydrocarbons in kerosene in sediment-water slurries taken
from lakes with differing histories of hydrocarbon pollution has also been
demonstrated; the highest degradative activity was associated with the most
oil-polluted samples (Reference 26).

These results suggest that, in certain environmental situations,
sediment-associated hydrocarbons are very slow to degrade. It supports our
observations (Reference 2) of slow biodegradation of jet fuel hydrocarbons in
sediments. Lack of degradation is probably due to a variety of environmental
factors but the availability of dissolved oxygen, a factor shown many times to
be mandatory for biodegradation of fuel hydrocarbons, is the most likely
restriction for biodegradation in the sediments.

The ecological consequences of this persistence are illustrated in
the outdoor tank studies carried out by a research group at the University of
Rhode Island. These studies dealt with the effects of crude oil on a coastal
marine ecosystem using large outdoor tanks (References 27, 28, and 29 30).
The incorporation, distribution and fate of Number 2 fuel oil in sediments
has been studied in these tanks. About 50 percent of the insoluble saturated
hydrocarbons were adsorbed to suspended particulates, which eventually were
deposited on the sediment bed and slowly mixed into the sediment by biotur-
hation. Biodegradation of the oil in sedirents occurred, but a residue of
12-20 percent of the original Numher 2 fuel oil persisted for at least I year.
Chronic (5-month continuous), low-level (range: 60-350 parts per billion)
dosing of the tanks with the Number 2 fuel oil resulted in significant toxic
effects to both the planktonic and benthic communities (Reference 27). Phyto-
plankton populations increased in biomass and had a radically difterent species
composition relative to control tanks. The observed changes were probably a
result of decreased grazing pressure caused by toxicity of the fuel to the
zooplankton and benthic suspension feeders. Likewise, hPnthic proto7oan



populations in the sediment increased dramatically as a result of substantial
decreases in predatory macrofaunal populations. Bioturbation activities in
the sediments were also reduced due to the drop in macrofaunal numbers.

Most important from the standpoint of microbial activity, was a
major suppression in the production of total inorganic nitrogen (NH4 , NO2 , NO3 )
from the sediments. Considering that the principal growth-limiting factor for
phytoplankton productivity in Narragansett Ray is controlled by the rate of
mineralization of organic nitrogen deposited from the water column into the
sediment and by the eventual Pfflux of nitrogen from sediments, this effect
is q, ite serious and represents an adverse effect that could be experienced
in any coastal ecosysteri.

T is, our observed persistence of jet fuel hydrocarbons in lahora-
tory .Pst systens with sediment (Reference ?) is cause for concern because
of the potential -cological impacts. However, before this concern can he
fact.ored into on environmental management concept that might he used hy the
Air F,)rce in the event of a jet fuel spill, further validation of the obser-
vations riust hoe undertaken. A field-dosing experiment with jet fuel was
threfore (icted as a vi'ians of further validation.

2. ipld Dosing Methods and Rationale for Field Stud-

Field stud~ios relating to hydrocarbon degradation in aquatic systemis
are (ienerally of three types: examination of environments presently polluted
with hydrocarbons (spills, effluents, etc.), dosing of large environmental
enclosures, and dosing of laboratory microcosms. Monitoring of the Searsport,
Maine oil spill (1971), for example, has shown that lower temperatures and
anoxic conditions greatly slowed the weathering of the oil hydrocarbons
( Pference 31). "dmirilar conclusions were reached in an in situ study of the
fate of Metula oil spilled on the beaches bordering the Straits of Magellan
(Reference 32). Riodegradation of oil from the Amoco Cadiz spill was found
to be very slow, possibly because of inorganic nutrient limitations (Reference
33). The monitoring of oil-polluted sediments in the Shetland Islands
(Peferencp 7) showed that degradation occurred primarily in aerobic sediments
and that the alkylarormatic hydrocarbons were degraded before normal alkanes.
Otners have examined the fate of petroleum hydrocarbons in salt marsh areas
hy losin(I a field site directly (References 5, 17, and 33). Fusey and (utdot
(Reference 34), after havinq dosed sediments, in the field with light crude
oil, were able to develop a tentative semiquantitative graphic model to
evaluate the relative parts physical removal and biodegradation play in the
(Iecontamination of oil-polluted seashore sedimients.

The dosing of large environmental enclosures has frequently been
used for fate studies of hydrocarbons. The vertical mass fluxes and sedi-
wentation rates of crude oil have been studied in large flexible plastic
containers of water from the North Sea (References 3b, 36, 37 and 38).
Adcorl)tion to and subsequent sedimentation of plankton and organic detritus
ca!;serf rapid sinking of the petroleum hydrocarbons and comparatively little
nicrohial mineralization was observed. Photo-oxidation of the hydrocarbon
,i)punent S, puossihly tA t00.17 polar products , was also oh served in the en-
, Iosmri, oxieriient (References 3') and 38). We Ihve previously ilir.W iono(I fhe
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use of large outdoor tanks to study the fate and effects of oil (ReferencE'
27). The tanks, which comprise a physical simulation model of Narragansett
Bay, are 5.5 meters high, 1.83 meters in diameter, and contain a box core of
sediment (30 cm deep) that continuously receives unfiltered bay water (turnover
time equal to 27 days) while exposed to natural light and temperatures regimes.
Stirring devices were designed to direct turbulent energy onto the sediment to
effect resuspension of flocculant material as observed in the bay. The size
of these tank systems, although originally designed to satisfy a specific
sampling regime, greatly restrict experimental manipulation. These systems
represent some of the most extensively characterized long-term enclosure-type
experiments to date, providing detailed descriptions of annual plankton and
nutrient cycles, benthic invertebrates, turbulent mixing, and replicahility.

Recent oil degradation studies in microcosis have produced some
interesting hypotheses about the fate of oil in aquatic systems. Circular
glass containers, filled with water overlying a sediment bed, were employed by
Albaiges and Cuberes (Reference 9) to show that photolysis and biodegradation
play a very integrated part in the fate of oil, particularly in terms of the
degradation of polyaromatic hydrocarbons. They also questioned the widely
accepted dogma that n-alkanes are metabolized more rapidly than either
naphthenes or aromatics; these hydrocarbon families, in fact, showed a very
nonuniform reactivity throughout their complete molecular range. Horowitz
and Atlas (Reference 39) also observed, in a unique continuous flow-through
microcosm, that most componerts in their test oil degraded at about similar
rates, again questioning the relative reactivity of the metabolic transfor-
mations of petroleum hydrocarbons in complex natural systems. A microcosm
designed to model the fate of oil in a tidal flat system typical of the
Wadden Sea (Reference 40) revealed that hioturbation by benthic inverte-
brates caused the oil to be rapidly buried in the sand. The apparent lack of
degradation in the sediment resulted in the persistence of oil and subtle
long-term toxicological effects to the biota contained in the microcosm.
Franco et al. (Reference 41) also showed similar ecosystem-level effects in a
pond microcosm exposed to coal-derived oil. The toxic response they observed
was not an effect that could be easily observed in more simplified types of
laboratory bioassay tests.

Based on information in these reports, it was decided ttiat direct
dosing of a field pond would provide the most practicdl and efficient means
of field-validating our laboratory results. The rationale was tnat field
e-:'csures were too mechanically complex and expensive and that microcosm studies
were complicated because of a need to simulate appropriate water depth and
matjral lissolved oxygen concentrations. In addition, it was decided that

t:.'or of jet fuel to the water surface of a pond without accompanying
water turoulence or mixing would result in rapid volatilization of the fuel
with little residual for analysis of hydrocarbon fate. Mechanical mixing of a
pond to enhance exposure of the fuel to sediments, as night be expected under
certain spill situations, was considered but was felt to he unsafe because of
the need to use powered mixing devices in an area of flammable hydrocarbon
vapors. We also knew, that vigorous mixing would excrssively disrupt the
natural state in a pond, particularly any low nxylen zones. however, much of
our information from laboratory tests dealt with close association of fuel
hydrocarbons with sediments: i.e., quiesrent bottle tests were initially shaken
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for I hour to viiqorouslv -i the fuel int,) sediment-water slurries (Reference
2). Therefore, a fip1 d- v' ing method han to he developeo which would assure
significant oxposure of the jet fuPl to sr-diments.

3. ,.xperirental "lan for Field Dosinq with JP-4

The field [or(! was dosed by direct contamination of sediments; the
protocol (Figure 1) was to physically remove sediments from a pond, thoroughly
mix then with a specified amount of jet fuel, and add the contaminated
sediments back to the pond. By periodically removing sediment samples and
extracting with solvent, we could quantitate changes in hydrocarbon composition
hy gas chromatography. We reasoned that when the jet fuel-sediment mixture
was ddded to the pond, much of the fuel would initially evaporate, but enot'(h
residual hydrocarbon would remain such that its longer-term fate could be
assessed. If hydrocarhons Persisted in sediments, as had been observed in
lah rifiry tests, this shojid he apparent in the pond.

The addition of oil-contaminated sediments to aqUatic systems a"
means of '-*,1ying the fate of hydrocarhons in natural sediments was success-
fuI l y er:, loyn , y Haines and Atlas (Reference 17) in their work on the if s)"
microhiA tpqradation nf Prudhoe Ray crude oil in sediments. They colI c ted
sedirent rixPd it with' crude oil (5 percent volume for voluime) iin' i I nc
vi .ihle i slick acc:nitilated on the sediment surface and then diiPefP'd f ' ho
ix ture in ?5 hy , by 5 cm plexiglass trays. The trays werte then rpplaced

on the hettnrl ef a lagoon and incubated for up to 2 years. This method
allows water tc freely exchange with the sediment in the tray and thereby
replenish oxygen and inorganic nutrients. Rut it prevents the contaminated
sediment from being rmixed with uncontaminated sediment and thereby 0lows
dilution of residual hydrocarbons. At each sampling period in their study,
tray was brought to the surface, with minimal disturbance, and the residual
oil content ot the sediment was deternined. In their case, very little bio-
degradation of the oil occurreo because of cold temperatues in the test area.

The application of this method to our field study seemed very
appropriate. As a result, a procedure was developed (see Figure 1) in which
sediments contaminated with JP-4 were placed in plexiglass trays and set out
on the bed sediment of a pond. However, rather than removing the trays for
sarpling, we sampled the trays in place :,ing a simple suction sampling
device. In addition, we placed the JP-4/sediment mix directly on the sediment
bed (no trays) to determine the fate of the jet fuel under conditions where
dilution into uncontaminated sediment was not restricted. Finally, the
JP-4/sediment mix was used in a standard quiescent-bottle test, as previously
described by Spain et al. (Reference 2), in Fiqure 1, to determine the relativ
rates of hydrocarbon in jet fuel under sterile (no biodegradation) and
nonsterile (biodegradation) conditions.

The fate of the volatile hydrocarbons in sediments depends to a larq*'
extent on the height of the water column over the sediments (i.e., controls
volatilization) and the amount of oxygen available (i.e., controls hiodegra,'-
ation). In a pond, both oonditions will he variahle; arPas near the center
of a pond will be the deepest (less volatilization) and may also have zone-
with lowest dissolved oxygen (less biodegradation). Thus, the fate of JP-4
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Figure 1. Schematic Diagram of Experimental Design for Jet Fuel Study
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may differ significantly, depending on its location in a pond. To accomodate
these possihilities, our field dosing was carried out by placing JP-4 contavii-
nated sediments (in trays and directly on the sediment hed) in a deep and
shallow area of the pond. Accordingly, a second set of quiescent bottle tests
was set ijp with larger aorints of water covering the sediments to roughly
model the deeper portion of the pond.

4. Taractfristics ot Field Site

The pond sPlectPd for our field tes;t was located on Santa Rosa
TsIand I' an area (lesignate, as i Sabine Point (Figure 2) and had a surface
,rea of ipprovimatoly 16" ri? (Finure. 3). A small sand dune limited exchange
of the rind with San*'a ')os: Tound to spring tides and storms. Site R, our
primary shallow water sit- (approximately 1-1.5 meters deep) had a relatively
stable ,crncentration of dissolved oxygen, averaging around 6 ppri (Figure 4).
Salinity. pH, and teriperature were relatively constant. Site C, our primary
deep water site, had dissolved oxyqen concentrations which frequently dropped
below I roo/ at the lower (,epths (Figures 5,6,7). Changes in pH and salinity
for this site were relatively sriall and the values were similar to those at
Site R. Tojnefirature fluctuated over an 110 ( range with time but showed only
a slight decrease in temperature with depth (no stratification). Measi:redi
values of these four paraipters at sites f; dnd C are given in Appendix A.

ne sediment at Site B (onsisted of sand mixed with orgdnic detritus
(,lant arld algdal rprainK while toe sPimvent at Site C consisted of sand layer-
ed with a rat (1-4 cri) i)t 1(4 ht fluffy organic detritus. Differences in
water levpls in the pond, which varied with the tides and the weather conditions,
were genoerilly less than 2' c,.

Dyp studies, using Rhodomine WT, were carried out to measure water
turnover rdtes. Dye was added to the water and mixed for 15 minutes with a
trollin; niotor. Water safj'les (5 m,) were taken at Sites B and C at different
depths and brought hack to the laboratory to measure the fluorescence using a
Turner Fluorometer. Relative changes in dye concentrations are given in
Appendix A. In general, dilution was slow enough that it would not dramati-
cally affect hydrocarbon disappearance rates. Very little difference in con-
centrations of dye with depth was observed indicating uniform mixing within
the water coluon.

P. 14FTtWODS

1. [)os i v,;

Sediment, which was largely organic detritus mixed with small amounts
of sand, was collected frnn the pond bottor, using an Eckrian dredge. A fiber-
glass box (90 cm by 90 cm by 4U cm) was filled with the sediment (as a thick
slurry) jnd JP-4 fuel added. Thle anlount of fuel added was based (small scale
la for t rv te ot) ,n dd0ir, the '1ax nim ,'1 w int of fuel wit hrit leavinq Oii i t-

r(un|t orlluuri(5' ot tlloatin m ( 01) ,Iro lets, i.o., all adsor-heuo, to 'uulireruts. lh,
*.lt' tiie'l-Sei 'i u'ru ruixijri-, otter thuroutu i n wrg, w tir% ri d(il(I, , 15 ji i
bi11 ki, t k to thuIe poi( it 'It , 1 1 and i Wo ittvteit etd (li i i rihutf Lh
contarilnatpd .;edi'ents a, .v(enly ds possile over o I.,' - 1. S(ludre r.trs
area oft ,iori( bttoi, at earh site. Seconl, the containi r ,t sediment,. were
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Figure 2. Escambia Bay Estuary Showing Sampling Sites: a. Range Point,
b. Bayou Chico, c. Escambia River, d. Big Sabine Point.
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Figure 3. Topographic Map of Study Pond. Depths Are in Inches.
The Pond was Surrounded by Rooted Vegetation.
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Figure 4. Concentrations of Dissolved Oxygen Measured Approximately
15 cm Below the Water Surface at Site B (Shallow Water Site)
in Test Pond. Arrow Indicates Time of Dosing with JP-4.
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Figure 5. Concentrations of Dissolved Oxygen at Site C (Deepwater Site)
in the Test Pond at Approximately 15 cm Below the Water Surface.
Arrows Indicate Time of Dosinq with JP-4 Contaminated Sediment.
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Figure 6. Concentrations of Dissolved Oxygen at Site C (Deepwater Site)
in the Test Pond at Approximately 175 cm Below the Water Surface.
Arrows Indicate Time of Dosing with JP-4 Contaminated Sediment.
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Figure 7. Concentrations of Dissolved Oxygen at Site C (Deepwater Site)
in the Test Pond at Approximately 350 cm (Sediment-Water
Interface) Below the Water Surface. Arrows Indicate Time of
Dosinq with JP-4 Contaminated Sediment.
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added to plexiglass trays 30 cm by 30 cm by 4 cm high tu qive a sediment depth of
approximately ? cm. The trays were then lowered, without disturbina the
sediment inside, to the pond bottom at Sites P and C.

2. Samplinr

Vater samples from the pond were taken with a clean bottle submeroed
approximately 25 cm below the water surface. Sediment samples were taken as
fell, ws: five olass corinq tubes (0.5 cm in diameter) were inserted into the
h ttom sediment at the chosen samplinq site. A small olass tube, stoppered
at one ,nd, was inserted (open-end first) into the water column contained
within the corina tube. When contact was made withi the sediment, the stopper
was released; water rushino into the tube sucked up the liciht fluffy detrital
raterial contained within the core, leaving the sand hehind. The smaller
tube was restoppered, and withdrawn; the sediment slurry inside was releasred
into a clean sample bottle. Several resamplinas in the core tfihe removed
most of the detrital material. These were combined in the same rample bottle.
The slurry in the sample bottle was allowed to settle and the water decanted
to produce a thick sediment suspension. All five of the core tubes were
sampled in a similar manner and analyzed separately. Sampling at Sites P and

was set up in a grid pattern to avoid samplino the same spot twice.

T1'e trays were sampled by placinc the oper, end of a olass tube (1.
cr diameter) stoppered at one end, into the water until contact with the trays
was made. Water rushing into the tube after the !;topper vas removed, sucked
in some of the fuel-contaminated detrital material in the tray. The tube was
testoppered and removed from the water; the sediment clurrv contained inside
was released into a sample hottle.

'. Fttle tests

;(,dificationr1' of the standard ,ie rent h t tl, t. t Pf It'rf-nLo' 2)
wet, used to prtvide laoratory inferratie , ,'n the I i ti( an! i -tic late

i'- in water and sediment systems. Pathc.r than a,1i , ' t,. 1,t t,.1 t ht
water or water-ced ifrent Olurrie s in the hott ](-; and c ik , t - th-e 1 ii i,,!
1-hur period as describfed previously, the t!,.l- tiirat,. ,t'T t ',d i1
the fie.ld dosing was added (%(lP.e mq/P, i dirv ctlv t (t t I' . nr, (it t
of cottir!' the sediment was covered with ?r mLs of ;,(it- wat? t t t, !,ntt I

,,rr ,r their tides without rlo iires as des(riO f,,i r IT., T,

V.,r1", re forred to as "shallov water" tests at,(' wert , ,tr P( i t it i
",wr.5 for cite P in the pond. cterile v st m; ri . i, jv, I ,it t,4 ',rral ir,

.nother set ef bottles was prnp~ared (,ntair ' i, lh t- -. ,rt aT, i at,.

sediment covered witf- I ro mvs e-i watoY whirh had her , yrat. Lv parc iPrr
with nitrogen. [he tnttles were irc11 4,,,tc,, tiprioM t t,, r . .. srta(e arr.a
available for volatilizatiov and re xveratir. T',. , ' ,i. Itf C
i the pond. i.e., relativelv larfi wa , r depth , .,,t'ir, I ,rI red(01,, o
,,x yr n C-rv i t inns.

Mottle tosts were ran in ,upli,,it atr 1  k f'1, 1tt I 1,

wv(,tre reportod as meanc. Variatior in c'r, or, vat r, s ,r . ,:; I ,te. i.,

(renora 1ly less than * It' prrnt..
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4. Chemical analysis

Water and sediment slurry sample, were extracted with methylene
chloride (sample: solvent ratio of 10:1) in FO m9 Teflone-lined screw-capped

test tubes for I hour by shakinq in a rotary shaker. The resulting emulsion
was broken by centrifuging the samples for 30 minutes at approximately 3000

rpm. Subsamples of the methylene chloride were then injected by auto sampler
(H.P. 7671) into a capillary gas chromatooraph (H.P. 573F) using the following
conditions;

Column: 60 meters by 0.25 millimeter inside diameter with
1.0 micrometer honded SPB-1 (Supelco, Inc.)

Carrier: Hydrogen
Petector: Flame ionization detector at 350 degrees centigrade
Injection: 1.5 microliters splitless

Injector Temp: 250 degreeq centigrade
Oven Temp: Programmed: 20 degrees centigrade for 2 minutes., ramp

at 2 degrees/minute to 190 degrees centigrade 8 winutes
hold

O'uantitations were carried out by computer evaluations of peak re-
tention times and peak area integrations with a Hewlett-Packard 3357 LAS data
system. Thirty-three hydrocarbons within the large number of components in
the jet fuel were selected for quantitation. These compounds represented the
major constituents by weight. Each compound shown was quantitated by compari-
son to a standard mixture formulated from analytical standards of each com-
pound. To reduce the possibility of nonlinear detector sensitivity extra-
polations, the concentration of each standard in the mix was proportional tr'
that found in JP-4.

ruality assurance procedures consisted of checks on extraction
efficiency, interfering peaks and spiked recoveries. Fifty tubes of uncontami-
nated sediment (5 m9.s of slurry sample per tube) from the pond were kept
frozen until use at the appropriate sampling time. For each set of jet fuel-
containinq sediment samples taken from th, field for analysis, two tubes of
uncontaminated sediment were thawed. One tube was extracted as described
above and the extracts were checked for oas chromatographic background peaks
which mieht interfere with the hydrocarbon analysis. None were found in any
of the samples. The second tube was spiked with 50 0Z of jet fuel, shaken
in 3 screw-cap test tube for 1 hour and then extracted and analyzed as above.

Extraction efficiencies for total hydrocarbon concentration were generally
greater than Of percent; efficiencies for individual hydrocarbons were better
(> 05 percent) for the hiqher molecular weiqht alkanes and these were used as

a guane for extraction efficiency. Larger variability (- 15 percent) in

extraction of the lower molecular weight hydrocarbons was probably due to ti,
volatility of these components durinn sample handling.

likewise, 50 jet tuel-contamindLed sediment samples (5 mLs of
slurry sample per tube) were frozen at the heginnino of the experlients. urin(g

I



each analvsis of samples from the field, replicate tubes of the contaminated
sediment were thawed and extracted as above. Recoveries were as good as the
spiked sediment samples, indicating that long-term (2 months) contact of the
jet fuel with sediment did not reduce extraction efficiency. Variation in
total hydrocarbon concentrations from replicate sample extractions was less
than 4 15 percent; ratios of hydrocarbons to tetradecane concentrations were
always within + 5 percent.

Duplicate samples were periodically taken from the sediment bed in
the field and from the plexiglass trays. Considerable variations in concen-
tration were observed as expected because of the patchiness in juet fuel distri-
bution. The sample with the highest tetradecane and/or pentadecane concen-
trations was used. Where only single samples were taken, if the tetradecane
concentration was below 10 percent of the calibration standard, the samples
were discarded.

5. Ouantitation of hydrocarbon disappearance

Disappearance of hydrocarbons in the jet fuel was determined by
examining the ratio between the concentration of any hydrocarbon of interest
with the concentration of another hydrocarbon in the jet fuel which was known
to disappear very slowly, or not at all (i.e., a conservative tracer) over the
time course of the experiment. This method is commonly used for assessing
the fate of hydrocarbons in natural samples (References 7, 25, 32, 33); for
example, ratios have been developed with the branched hydrocarbons, pristane
and phytane, since they are some of the slowest to biodegrade, volatilize or
disappear by dissolution in the environment (Reference 25, 7). Tetradecane
was selected as the conservative tracer for jet fuel because in laboratory
tests this hydrocarbon was consistently one of the slowest to disappear,
either through volatility or biodegradation relative to the other hydrocarbons.
By using the ratioing method, the amount of jet fuel sampled was not critical,
as long as enough jet fuel was present for gas chromatographic analysis.

Based on the quality assurance procedures described in the methods
section, we established that hydrocarbon ratios below 10 percent of the
standard were generally not clearly different from zero, although when
a particular hydrocarbon continued to show a slight gas chromatographic
peak at each sampling time, small amounts of hydrocarbon appeared to remain
in the sample. Differences in hydrocarbon ratios that were not greater than
+ 10 percent were considered as unchanged.

C. PESIILTS

1. osing

Upon addition of the contaminated sediment to the pond, a laroe amoiunt
of jet fuel rose to the water surface, shown by an obvious oily sheen. 'uch
of the fuel on the water surface evaporated within -2 hours after dosing,
while most of the fuel odor associated with the dosing also disappeared. Cen-
centrations of hydrocarbons in the water column of the pond followinq dosinq
were below detection limits in I liter samples. A small amount of fuel
remained around the animal canes used for the toxicity study. Small sheens of
tuel continued to migrate from the cages for several hcurs.
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Suspended sediment in the pond following dosing nuickly settled out.
Indigenous fish and crabs showed no overt signs of stress as a result of thp
dosing.

2. Trends in hydrocarbon disappearance

Actual concentrations of 33 selected hydrocarbons measured in sedi-
ment samples taken from the bottle tests, the plexiglass trays, and the field
are given in Appendix B. Sampling times were adjusted to prevent backlog of
samples. Tetradecane, the selected conservative tracer, was present in all
samples and was one of the slowest to disappear. Thus, the concentration
over time of all other hydrocarbons was measured relative to the concentrat-
ion of tetradecane. Tables of ratio values with tetradecane for all 33
hydrocarbons analyzed are also given in Appendix B. Values are expressed as
percent of standard: i.e., the ratio of any hydrocarbon to tetradecane in
fuel-contaminated sediment before it was used for dosing (the standard) was
set to ion percent.

Figures P throuch F1 show the chanoe in hydrocarbon ratios over time
in the shallow water (Site B) and deep conditions (Site C), respectively for I
samples from the bottle tests (sterile and active), plexiglass trays, and
pond sediment. Data points at t = 0 are based on analyses of the fuel-
contaminated sediment before its addition to the test systems. A rapid
initial disappearance of the hydrocarbons relative to tetradecane was observed
in all samples. We believe this initial loss was due largely to volatilization
and dissolution of the hydrocarbons during addition of the fuel-contaminated
sediments to the bottles, plexiglass trays and the pond. Initial decrease in
the ratios was generally much less in the pond sediment samples. To compare
hydrocarbon losses in the various test systems, only decreases in the ratios
beginning after Day 2 were generally considered. The following summarizes
the general trends observed in the data.

a. ottle Tests

Pata from the bottle tests are the only information that can be used
to assess the quantitative aspects of disappearance (sampling was precise and
consistent) and the actual contribution of biodegradation (differences in
sterile and active systems).

Hydrocarbon disappearance was nenerally smooth and steady: i.e.,
variability in sampling and analysis was quite low; repeated analysis of
frozen samples of contaminated sediment nave consistent (less than 4 10
percent variation) recovery. In many cases, hydrocarbon ratios in samples
from sterile bottles increased with time rather than the expected lack of
channe or decrease. If hydrocarbons become more completely sorbed with time
into the sediment matrix (diffusion into the interstitial space of the organic
matter on the sediment surfaces), as we have observed in other experiments,
their tendency to be lost hy volatili7ation during sample workup will be
reduced; i.e., extraction efficiency will appear to increase. This may
account for the increase in hydrocarbon ratios in sterile bottles over time.
The higher molecular weiaht hydrocarbons, which are less volatile, would
consequently he less affe'ttod by the sample workup and sorption, and ratios
with these hydrocarbons showed less of a tendency to in(rrase with time.
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Figure 8. Change in Concentration Ratio (Expressed as Percent of Standard)
of Methylbenzene to Tetradecane in Samples Taken from the
Shallow Water Systems.
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Figure 9. Change in Concentration Ratio (Expressed as Percent of Standard)
of Ethylbenzene to Tetradecane in Samples Taken from the Shallow
Water Systems.
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Figure 10. Change in Concentration Ratio (Expressed as Percent of Standard)
of Isopropylbenzene to Tetradecane in Samples Taken from the Shallow
Water systems.
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Figure 11. Change in Concentration Ratio (Expressed as Percent of Standard)
of o-Xylene to Tetradecane in Samples Taken from the Shallow
Water Systems.
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Figure 12. Change in Concentration Ratio (Expressed as Percent of Standard)
of .-Xylene to Tetradecane in Samples Taken from the Shallow
Water Systems.

25

~ a r'~v .~ %*V ~ ~ .(\. ~%~d



100 M-XYLENE]

80
C3-0 STERILE BOTTLES

C *-*ATIVE BOTTLES

60 60
-@ PLEXIGASS TRAYS

Li-
0 ~ FIELD

S40

20

0 5 10 15 20 25 30

DAYS

Figure 13. Change in Concentration Ratio (Expressed as Percent of Standard)
of m-Xylene to Tetradecane in Samples Taken from the Shallow
Water Systems.
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Figure 14. Change in Concentration Ratio (Expressed as Percent of Standard)
of 1,2,3-Trimethylbenzene to Tetradecane in Samples Taken from the
Shallow Water Systems.
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Figure 15. Change in Concentration Ratio (Expressed as Percent of Standard)
of 1,2,4-Trimethylbenzene to Tetradecane in Samples Taken from the
Shallow Water Systems.
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Figure 16. Change in Concentration Ratio (Expressed as Percent of standard)
of l,3,5-Trimethylbenzene to Tetradecane in Samples Taken from the
Shallow Water Systems.
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Figure 17. Change in Concentration Ratio (Expressed as Percent of Standard)
of Indan to Tetradecane in Samples Taken from the Shallow Water
Systems.
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ligu-e 18. Change in Concentration Ratio (Expressed as Percent of Standard)
of Naphthalene to Tetradecane in Samples Taken from the Shallow
Water Systems.
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Figure 19. Chanye in Concentrdtion Ratio (Expressed as Percent of Standard)

of Cyclohexane to letradecane in Samples Taken from the Shallow
Water Systems.

32 '

.,tot . .u¢.,. ., ,o ,' . ,Y%. ,. >% %K". °. >),"'/'. • ' ',' ,: ' ,";¢2 ' € 2,:" <;",'%" ,



100

METHYLCYCLOHEXANE
80

0 STERILE BOTTLES

-ACTIV BOTTLES

o 60
) PLEXIGLASS TRAYS

LL
0 RELD
Z 40

20

07

0 5 10 15 20 25 30

DAYS

Figure 20. Change in Concentration Ratio (Expressed as Percent of Standard)
of Methylcyclohexane to Tetradecane in Samples Taken from the
Shallow Water Systems.
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Figure 21. Change in Concentration Ratio (Expressed as Percent of Standard)
of Ethylcyclohexane to Tetradecane in Samples Taken from the
Shallow Water Systems.
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Figure 22. Change in concentration Ratio (Expressed as Percent of standard)
of 3-Methylhexane to Tetradecane in Samples Taken from the
Shallow Water Systems.
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Figure 23. Change in Concentration Ratio (Expressed as Percent of Standard)
of 3-Methylheptane to Tetradecane in Samples Taken from the
Shallow Water Systems.

36



100

2-METHYLHEPTANE
80 ~STERILE BOTTLES

U- ACTIVE BOTTLES

60
0-. PLEXIGLASS TRAYS

LL
0 - FIELD

40

20

0
0 5 10 15 20 25 30

DAYS

Figure 24. Change in Concentration Ratio (Expressed as Percent of Standard)
of 2-Methylheptane to Tetradecane in Samples Taken from the
Shallow Water Systems.
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Figure 2b. Change in Concentration Ratio (Expressed as Percent of Standard)
of 2,3-Dimethyiheptane to Tetradecane in Samples Taken from the
Shallow Water Systems.
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Figure 26. Change in Concentration Ratio (Expressed as Percent of standard)
of 2,4-Dimethyihexane to Tetradecane in Samples Taken from the
Shallow Water Systems.
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Figure 27. Change in Concentration Ratio (Expressed as Percent of Standard)
of 2,5-Dimethylhexane to Tetradecane in Sariples Taken from the
Shallow Water Systems.
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Fjiu-e 28. Change ir Concentration Ratio (Expressed as Percent of Standard)

of Heptane to Tetradecane in Samples Taken from the Shallow WaterSystems.
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Figure 29. Change in Concentration Ratio (Expressed as Percent of Standard)
of Octane to Tetradecane in Samples Taken from the Shallow Water
Systems.
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Figure 30. Change in Concentration Ratio (Expressed as Percent of Standard)
of Nonane to Tetradecane in Samples Taken from the Shallow Water
Systems.
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Figure 31. Change in Concentration Ratio (Expressed as Percent of Standard)
of Decane to Tetradecane in Samples Taken from the Shallow Water
Systems.
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Figure 32. Change in Concentration Ratio (Expressed as Percent of Standard)
of Undecane to Tetradecane in Samples Taken from the Shallow Water
Systems.
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Figure 33. Change in Concentration Ratio (Expressed as Percent of Standard)
of Dodecane to l,,tradecane in Samples Taken from the Shallow Water
Systems.
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Figure 34. Change in Concentration Ratio (Expressed as Percent of Standard)
of Tridecane to Tetradecane in Samples Taken from the Shallow Water
Systems.
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Figure 35. Change in Concentration Ratio (Expressed as Percent of Standard)
of Methylbenzene to Tetradecane in Samples Taken from the Deep Water
Systems.
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Figure 36. Change in Concentration Ratio (Expressed as Percent of Standard)
of Ethylbenzene to Tetradecane in Samples Taken from the Deep Water
Systems.
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Figure 37. Change in Concentration Ratio (Expressed as Percent of Standard)
of Isopropylbenzene to Tetradecane in Samples Taken from the Deep
Water Systems.
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Systems.

5?2

IL.



p

100

80 M-XYLENE
(J-0T STEFULE BOTTLES

0- ATIVE BOTTLES

1-- 60
U) R-PEWAGASS TRAYS

LL

0 0A FIELD

20

0
0 5 10 15 20 25 30 35 40

DAYS S

LL 5'.

Figure 40. Change in concentration Ratio (Expressed as Percent of standard)
of m-Xylene to Tetradecane in Samples Taken from the Be.... Water
Systems.

53-

O --- -

DAYS



100

1,2.3-TRIMETHYLBENZENE
80 STEa WrUS

*~-4ICTE OtrTeES

, 60
(I, -@ PLE)OGASS rRAYS

0 40

20

0 5 10 15 20 25 30 35 40

DAYS

Figure 41. Change ;n Concef.tdt ion Ratio (Expressed es Percent of Standard)
of 1,2,3-Trimett, vlrenzpnP to Tet-adecanp :n Samples Taken from the
Deep Water Systems.

.71 ', *# , -, * .. , *** * */. ' * . ., - . : .,/., £ % -" " * -"***-. "*"* *l- -.' -* ' - ' - ' ' 9



100 12.4-TRIMETHYLBENZENE

C-U SnTERg OTTLES
80 rn-u OME

- .EABM TNAYS
60

LL
0

S40

20 N

0

0 5 10 15 20 2 5 30 35 40

DAt~S

.1 j n (4 0



100 1,3,5-TRIMETHYLBENZENE

80 0-{ STEILE BOTTLES

80

I,--

0e40

20

0
0 5 10 15 20 25 30 35 40

DAYS

Figure 43. Ghange in Conceitration Ratio (Expressed as Percent of Standard)

of 1,3,-TrimetVylbenzene to Tetradecane in Samples Taken from the
Deep Water Systs,,ns.

516



100

INDAN
80

Qj-Q STERILE BOTTLES

U .ACTIVE BOTTLS
H 60

(n) PLWAGASS TRAYS
LL

00

20

0

0 5 10 15 20 25 30

DAYS

Figure 44. Change in Concentration Ratio (Expressed as Percent of Standard)
Of Indan to Tetradecane in Samples Taken from the Deep Water
Systems.



100 NAPHTHALE NE

80 -0 MWE DTLES

g.- 6 0'SPWAGL6S TRAYVS

0 S

S 40

20

0

0 5 10 15 20 25 30 35 40I
DAYS

Figure 45. Change in Conce-'tr-ation Ratio ([xpr#-sse1 as Percent ()f StandariI
of Naphthalene io Tetr'adecane in SampipS 1aker' f',im tpe Orpp~ Wale'
Sstems.



J,

100

CYCLOHEXANE

80
0-f)STERILE BOTuES

6- CO CrrE BOTnJ.S

0 60
(f). *- LEILASTRY

0 40 FIELD* 40

20 25 30

DAYS
.

p

S * ... -. o*" wr :n SAjpltw, Take,, from the [)eep Water

V ifI  '

* . ** . - r * 4 ... . . .. *. P 49* # . 9 * ** *"4



100

METHYLCYCLOHEXANE
80 r l-Q STERILE BOTTLES

UUACTIVE BOTTLES
S 60

(I) -O REXGLASS TRAYS

0
S 40 FIELD

20

0 5 10 15 20 25 30 35 40

4 7' in. it '"%i i,. Pp (Pnt qtf Standard)
Af 'not I'y 1, f I 'Ph. gn.*e pt Aop .v'o ' p;, T e~n f-o the Dpep

w.tp .v~



100

ETHYLCYCLOHEXANE
80 0--C STERILETU

0

00

0 ML

40

20

0 5 10 15 20 25 30 35 40

DAYS

jur 4e6. Change in Concentration Ratio (Expressed as Percent of Standard)
of EthylcycloheKane to Tetradecane In Samples Taken from the Qeep
Water Systems.

61i



100

3-METHYLHEXANE
80

0- STERILE OTTLES

60 in-4 ~TvE BOTTLES

) HO REXIGLASS TRAYS
LL
0 FI ELD
* 40

20

0 5 10 15 20 25 30 35 40

DAYS

Figure 49. Change in Concentration Ratio (Expressed as Percent of Standard)
of 3-Methylhexane to Tetradecane in Samples Taken from the Deep
Water Systems.
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Figure 5U. Change in Concentration Ratio (Expressed as Percent of Standard)
of 3-Methylheptane to Tetradecane in Samples Taken from the Deep
Water Systems.
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Figure 53. Change in Concentration Ratio (Expressed as Percent of Standard)
of 2,4-Dimethylhexane to Tetradecane in Samples Taken from the Deep
Water Systems.
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Figure 57. Change in Concentration Ratio (Expressed as Percent of Standard)
of Nonane to Tetradecane in Samples Taken from the Deep Water
Systems.
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Figure 58. Change in Concentration Ratio (Expressed as Percent of Standard)
of Decane to Tetradecane in Samples Taken from the Deep Water
Systems.
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A summary of hyrrocarybon mrs i ,tence in the bolt le test is shown in
Tahl, I. The maiority of the hydrocarbons rapidly disa', eared (ratios dropped
!,,low I C percent of the standard within C days) fror tht hottles. Decreases in
rati Is for methyl and othyl her,.zenv, wet c unusual in that one samplinn with each
hydro( a-bon showv.l d ratio above 10 percent fol lowi tiq ,. initial drop below F
perc(nt. Pe(ause ,,a(h sam0lin( period represents the ar,,lysis of a complete
hottle, these discrepancies may have been the result of aiintentionally incUbdt-
ino a bottle in d sliqhtly different matner (e.o.. less -.xposure to room air
,jr' ents) from the ethers. The variability does not detract from the results

which s iow that these hydroiarbons are not persistent.

Naphthaleri,, i'da :,, . , -tirm( thylbenzerll (t" ir and the normal alkanes
(nonae -throijqh -1, de( ano ) werr, the mtist persistent hydv ,carbons in the bottles
t-.ts, with ethyl-ty(lohexarn. 3-methlhexane, octane a-! nonane beinq somewhat
intermediate. depvendinq or th. experimental conditions ii.e.,deep site simula-
tier, non-terile conditions).

Piodeoradation was alpparont fio all of the not,,al alanes except possi-
,Iv p ssiblv tridecane. For qeveral of toe hydrocarbons (I,.% TMI, indan,
ravhthalene, 2--and ?-mvitihvlhe ,tan#-, 1-rethylhexane an(' tridpcane) larae differ-
en(r- in ratios between ste'rile and active systems oc(,,'re, toward the end of
to, ir tihation period, SunqeStin(] the, possible onset of biodenradatinn.

Althou h ratio valhes are qu ite low, there was also some indication
!Iat los(,s of several hydrocarbons (heptane, octane, nonane, p-xylene, 1,3,5-
f 'P , ,;I., -TMP, 2-and 3-methylheptane, 3-methylhexane, ,nd ethycyclohexane) were

lowe,, in the deep water test bottles than in the shallow water test bottles.

r:. Field sdn'ples

A summary of the persistence of hydrocarhons in tht, tield samples is
shown in Table 2. In general, hydrocarbon disappearan(e was quite apparent
despite some variability from one samplini period to another. Although attempts
had been made to standardize our sampling procedures as much as possible, there
was no way to guarantee that uncontaminated sediments would not dilute out the
.ontaminated sediments durinq any particular sampling and thus, qive very low

*,.. ...r concentrations. This sampling problem was probably responsihle for
"th. freouently observed increase in hydrocarbon concentration over two succe:sivc
Ar-. 1 ir': periods. Because this variability could not be controlled, we cenprally

- . -,. fcr cverall qualitative trends and asked whether a hydrocarbon was
either present or absent. The detection of any hydrocarbon in a sample seemed
important since cur extractions of uncontaminated sediment continually showed the
absence of any peaks on the qas chromatograph which might cochromatograph wiTh
the hydrocarbon in ouestion and give a false positive.

Some of the aromatic hydrocarbons, the dimethyl alkanes and the cyclo-
hexanes did not persist beyond 5-7 days. Of the toxic aromatic hydrocarbons, the
the trimethyl benzenes, some of the dimethyl benzenes (xylenes) and naphthalene
all persisted for 10 days or more and in several cases were still detectable at

the end of the experimental period.

The normal alkanes were the most persistent hydrocarbons, with undecane,
dodecanr, and tridecane showing essentially no losses over the incubation period.

75



TABLE 1. PERSISTENCE (RATIO VALUE GREATER THAN 1') PERCENT OF THE VALOE IN

STANDARD) OF SPECIFIC HYDROCARBONS IN JP-4-CONTtAMINATED SEDIMENTS

USEDI) N BOTTLE TESTS.

Day When Ratio Value IDecrteasedi Below 10% of Standard
AROMATICS -5 1 10 1520- > 20

methyl benzenea x

ethyl henzenpa

i sopropy 1 tfeVzene x

p -xyl ene K

m-xylenp x

1,? ,3-TM~b

1,?,4-TMB x

1.3.5-TMB

indan

naphthal ene

CYCLIC ALKANES

cycl1ohexane x

methylcyclohexane x

ethylcyclohexcane xl )c x(D)C

dimethylcyclohexanes

BRANCHED ALKANES

3 methyihexane X(S) X(D)

3 nmethylheptane x

2 methylhepu~ne x

dimethy Iheptanes x
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TABLE 1. PERSISTENCE (RATIO VALUE GREATER THAN 10 PEkCENT OF THE VALUE IN

STANDARD) OF SPECIFIC HYDROCARBONS IN JP-4-CONrAMINATED SEDIMENTS

USEI) IN BOTTLE TESTS (CONCLUDED).

Day When Ratio Value Decreased Below 10% of Standard

NORMAL ALKANES 5 10 15 20 2 20

heptane x

octdne x(S) x(D)

nonane a(S) x(D)

decane x

indecane x

dodecane x

tridecane x

a data variable

b TMB, trimethylbenzene

c S, bottle simulating shallow water condition; D, bottle simulating deep water

condition
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The monosuhstituted alkanes were also nuite persistent, as was ethylcyclohexane.

Many of the hydrocarbons (p-xylene, 1,3,5-TMP, naphthalene, the mono-
substituted alkanes, heptane, octane, nonane and ethylcyclohexane) showed con-
siderably greater persistence at the deep water site than at the shallow water
site. Site differences in persistence for decane, undecane, dodecane, and tride-
cane were not apparent due to their slow rates of disappearance. Most of the
other hydrocarbons were likewise lost too rapidly to detect differences accordinq
to site.

c. Plexiglass Trays

Data from the tray experiments were erratic and difficult to associate
with a particular trend. In general, however, most of the jet fuel hydrocarbons
associated with the sediment in the trays were detectable at low concentrations
(bordering on the limits of detection) up until the end of the incubation period.
The erratic results could have been caused by unavoidable inconsistencies ir
sampling; that is, the samplinq procedure probably caused the sediment to re*'is-
tribute unevenly in the trays. In fact, actual concentrations of both the
volatile and nonvolatile hydrocarbons varied considerably from one samplinq to"
another suqgestinq the problems in samplinn rather than prohlems in sampt,"
handling which could cause loss of just the volatile hydrocarbons.

However, despite these inconsistencies, it would appear trat nrst of
the hydrocarbons persisted at low concentrations in the trays for considerable
periods; i.e., their mere presence at any samplinu period suqqested they were
slow to degrade or volatilize. Hydrocarbon concentrations, in many cases, dropped
below 10 percent within E days. Only ethylcyclohpxane, all normal alkanes
(expect heptane), ?-methylheptane heptane, 1,3,5-TMR and naphthalene were toun(1
consistently above 10 percent throughout most of the incubation period. Several
of the aromatic hydrocarbons (ethylbenzene, isopropylbenzene, o-xylene, p-xylene,
m-xylene 1,2,3-TMB, ],2,4-TW'B, indan) were generally found above 10 perL nt tf,,

ibout 15 to 20 days, particularly in the trays kept in the deep water site. In
addition, cyclohexane, dimethylcyclohexane, the dimethylheptanes, isopropyl-
benzene, o-xylene, and 1,2,3-TMB, all hydrocarbons which showed very rapid loss
in the fild sites and in the bottle tests, seemed to persist lonqer ir the
trays.

d. Toxicity

Toxicity tests with mysia shrimp, blue crabs, and minnow were con-
ducted in the field during the dosing. Failure of contrcl animals to survive,
however, invalidated test results and no conclusions ahout tkxicity of the
JP-4 could be derived.

P. nISCtiSION

1. Jet Fuel Hydrocarbon Fate

The results of our field study stronaly sunoest that if jet fuel becomes
extensively mixed with natural sediment, many of the hydrocarbons contained
therein will persist in the field, some for as lonq as 20 days or more. Similar
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TAHL. . PE RS I srLENCt kA Tl I AL J) 4~E AT q ' AN I 0 V W 'HE VAL!J[ I N

STANDARD O 'PECI 1C HY')ROCARSONS IN Jv-4-C)V1SrMINATED SFIM1ENTcl

USE) IN ',HE IE 0~1 SrIY.

)dy Whe- Ril i ie D rer-se ,! St,3ndari

AROMA T1*SVH No lecredse

mywtn v hef, !ne 9

L - y., 9.fl9
4

v . i AtI

tlI l y~ nexa'9

3-methyl nexane ( (f'

3-methyl heptane X(S) x(D)

2-methyl heptane X(S) X)

dimethylheptanes x
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TABLE 2. PERSISTENCE (RATIO VALUE GREATER THAN 10 PERCENT OF THE VALUE IN

STANDARD) OF SPECIFIC HYDROCARBONS IN JP-4-CONTAMINATED SEDIMENTS

USED IN THE FIELD STUDY (CONCLUDED).

Day When Ratio Value Decreases Below 10% of Standard

<10 10 15 20 >20 No decrease

NORMAL ALKANES

heptane x(S) x(D)

octane x(S) x(D)

nonane x

decane x

undecane x

dodecane x

tridecane x

a data variable

b TMB, trimethylbenzene

C S, shallow water site; D, deep water site

8 0

P b



GO U EGROWTION OF JET AMP MISSILE FUELS BY RQITIC 2/2
MICROBIONL rrOS11ITIES(U) ENVIRONMENTAL RESENRCH LAB
OULF BREEZE FL P N PRITCHRR ET AL JUL 9?

WiCLff SIFIED WESC ESL-TR- 6-59 IP U2 I2F/0 6113 M



lii! .0 L2 "225
111111 36 2021111 L.3 6L6IIII~2 '111W. 1.0

111111 -

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUIAFAU ()f STANDIARDS q, A

-w ~w __

%~' %h~ -
% %% ~ % '



,.

observations have been made by Hanes and Atlas (Peference 20). They showed
very little loss of hydrocarbons, including the more volatile components, from
oil-contaminated sediment placed in plexiglass trays on the sediment in Beaufort
Fea, Alaska. Despite the inherent problems of sampling the contaminated sedi-
ment at the field site, of dilution with uncontaminated sediments and of the
necessity to measure chanqes in hydrocarbons concentrations by ratiocination
to a conservative tracer (tetradecane), we believe the mere detection of these
hydrocarbons in samples taken during the experimental period signifies per-
sistence, since there is no other obvious source of hydrocarbons. We detected
no hydrocarbons in surface slicks or the water column at any time during the

study, so it is unlikely these sources were causing recontamination of sediment
by mixing within the pond or during sampling of the sediment. Uncontaminated
sediments showed no peaks in the gas chromatographic analysis which might have
bcen misconstrued as hydrocarbon peaks. Also, all sampling equipment and
analytical glassware were thoroughly cleaned to prevent any cross-contamination
of the environmental samples.

The observed persistence was probably the result of reduced volatility
and lack of biodegradation. The lack of biodegradation can best be illustrated
with the normal alkane, decane. In both deep and shallow water bottle tests,
it was clear that faster biodegradation of decane relative to tetradecane was
occurring, as evidenced by large differences in the ratios in sterile and non-
sterile systems. In fact, examination of the actual hydrocarbon concentrations
shows that both decane and tetradecane were degrading. In the field samples,
however, decane to tetradecane ratios changed very little over time; examination
of the actual concentrations of the hydrocarbons showed that it was not because
both were degrading at equal ratios but it was because both hydrocarbons con-
centrations were relatively stable. Thus, biodegradation did not appear to be
occurring in the field samples.

Oxygen limitation may have been responsible for this result; in fact,
slightly greater loss of decane relative to tetradecane may have occurred in
the shallow water site than in the deep water site. Based on our monitoring,
we would expect more dissolved oxygen in the shallow water site. However, in
the deep water bottle test, where dissolved oxygen concentrations were purpose-
fully reduced by sparging the water with N2 gas prior to test initiation,
biodegradation of decane was evident. Thus, if oxygen was limiting biodegra-
daticn in the field, it was probably occurring at the sediment water interface.
Limitation of biodegradation by available nitrogen and phosphorous concentrations
spems unlikely in the field since the same water showed biodegradation of
certain hydrocarbons (e.g., decane) in the bottle tests.

Similar conclusions could also be drawn by examining most of the other
normal alkanes. The only other hydrocarbons to show possible biodegradation in
the shallow water (1,2,5-TMB, indan, naphthalene) and deep water (naphthalene,
rnethylhexane and the methylheptanes) bottle tests, all eventually disappeared
in the field samples. Whether this was due to biodegradation could not be
ascertained.

For those hydrocarbons which slowly disappeared in the field samples,
it is difficult to delineate whether it was due to evaporation, biodegradation
or dilution into the organic matrix of the sediment. Literature information
supports the idea that, if the dlkanes do not dearade, then many of the
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other hydrocarbons will also not degrade. Biodegradation might be eliminated
as a posssibility because of the persistence of the n-alkanes in the field sample.
Dilution into the organic matrix of the sediment was probably occurring to some
extent, since it would appear that low concentrations of residual hydrocarbons
in the'plexiglass trays did not eventually disappear. This could have been
caused by the tray bottom preventing contact with, and dilution into, uncontami-
nated sediment.

Since many of the hydrocarbons in the field samples persisted longer
at the deep water site than in the shallow water site, it is tempting to conclude
that the greater water depth slowed losses to volatilization. Dilution into the
organic matrix of uncontaminated sediment would not be expected to be affected
by site differences (assuming equal distribution of organ carbon from site
to site), thus, this loss mechanism can be down played. Biodegradation, as we
indicate above, would probably not account for these differences, volatilization
would appear to be the principal loss mechanism. Results from the bottle tests
and the trays tend to support this conclusion; i.e., volatility appeared to be
slightly less where larger volumes of water covered the contaminated sediment.

Results from the bottle tests and the plexiglass trays were not good
predictors of events in the field. Bottle test data suggested that tliemajority
of the hydrocarbons monitored in the jet fuel should evaporate within a few
days. This was obviously not the case in the field, as seen by comparing Tables
I and 2. On the other hand, bottles test data did suggest that 1,3,5-TMB, indan,
naphthalene, and the higher molecular weight normal alkanes would evaporate
slowly; these hydrocarbons, in fact, were also some of the slowest to disappear
in the field samples. As we indicated above, the bottle tests further showed a
potential for biodegradation of certain hydrocarbons, but a similar response
could not be seen in the field samples. More rapid loss of hydrocarbons in the
shallow water site of the pond, as we compared withthe deep water site, was quite
pronounced with some hydrocarbbns. The bottle test results would nbt have
clearly predicted this result. Although slight differences in the volatility of
certain hydrocarbons were noted in shallow water and deep water bottle tests, it
was apparent that larger bottles, which would allow greater water volumes to cover
the contaminated sediment, are needed to properly simulate the deep water effect
in the field.

Results from the plexiglass trays suggested that low concentrations of
certain hydrocarbons should persist for greater than 20 days; clearly these hydro-
carbons dropped below detectable limits in considerably less time in the field.
If we assume volatility of the jet fuel hydrocarbons was equally probable from
sediments in the pond and sediments in the plexiglass trays, then the long-term
persistence of hydrocarbons in the trays probably reflected the isolation of
contaminated sediments from uncontaminated sediments. Without prior knowledge
of the importance of this limitation, however, estimates of hydrocarbon persist-
ence from tray studies alone would be contradictory to actual events in the
field. However, the tray data did suggest a lack of biodegradation (i.e.,

decane ratios with tetradecane remained relatively constant) and a greater loss
of some hydrocarbons from the shallow water sites, both observations which are
typical of the field data.
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SECTION III

MISSILE FUEL STUDIES

A. BACKGROUND

The active development of air-, sea-, and ground-launched missile
systems has become one of the primary strategic and tactical weapons programs of
the U.S. Air Force and U.S. Navy. A new era of fuel technology evolved when the
Navy selected a specifically synthesized liquid hydrocarbon fuel, called RJ-5, to
be used in the Talos missile (Reference 42). Since that time, the Air Force and
Navy have continued to develop synthetic fuels for either turbine- or ram-jet
powered missiles. The primary fuel evolved by the Air Force and Navy high-energy
missile fuel technology was JP-9, a unique blend of liquid hydrocarbons which
had the necessary high volatility, low freeze point, and high density. Missile
fuels are composed of unique bridged-ring hydrocarbon structures containing high
carbon-to-hydrogen ratios (Figure 62). Norbornane (bicyclo [2.2.1] heptane) is a
basic part of each molecule, but is never, itself, present in their production or
composition. These dienes are formed by the Diehls-Alder cycloaddition reaction
(References 42 and 43). The diene constituents of RJ-5 and JP-9 are the norbor-
nadiene and cyclopentadiene dimers, respectively. RJ-5, a completely synthetic
fuel, is a mixture of three hexacyclic dihydro-di-(norbornadiene) components whose
composition is shown in Table 3. JP-9 is a more volatile mixture, composed of
cyclopentadiene and norbornadiene dimers along with several minor hydrocarbon
components (Table 3) to increase the volatility and lower viscosity. The physical
properties of these fuels are compared in Table 4. Both JP-9 and RJ-5 sorb to
organic sediment more than petroleum-derived fuels such as JP-4 (reference 2).

With increased usage, the potential for spillage and accidental release
into the environment also increases. To predict the environmental impact of
missile fuels, information on the fate of their constituent compounds as determined
by solubility, volatility, sediment sorption and biodegradation must be obtained.

Little information is currently available on the potential environmental
impact of the missile fuels in the environment. It was, therefore, important to
study and assess the fate and toxicity of the fuels in aquatic systems. We under-
took an examination of the fate and effects of missile fuels RJ-5 and JP-9 in
aquatic environments using standard laboratory test procedures. The goal of this
research was to determine the potential for missile fuel biodegradation in aquatic
systems and the possibility of toxicity to microbial populations and aquatic
invertebrates.

B. METHODS

1. Sampling

Water and sediment samples were collected at three sites near Pensacola,
Florida; Bayou Chico, Escambia River, and Range Point Salt Marsh (Figure 2). The
locations were selected to provide a range of salinities as well as a comparison
between pristine and developed areas. Bayou Chico is located on the northern
shore of Pensacola Bay in an industrial area, salinity ranges from 12 to 20 parts
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Figure 62. Structure of Norbornadiene (A) and Cyclopentadiene (B) Dimers.
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TABLE 3. MAJOR COMPONENTS OF RJ-5 AND jp-..a

Rd -5 Percent by

Weight

Dehydro-Hexacyclic endo-endo-dihydrodi (norbornadiene) 1.12

* Hexacyclic exo-endo-dihydrodi(norbornadiene) 2.03

Hexacyclic endo-endo-dihydrodi (norbornadiene) 96.32

J P-9

N-Heptane 1.0

Methyl cyci ohexane 7.1

2,5-Dirnethylhexane 0.8

Tol uene 0.6

exo-Tetrahydrodi (cyclopentadiene) 66.8

endo-Tetrahydrodi (cyclopentadiene) 1.5

endo, tndo-Dihydrodi(norbornadiene) 20.1

a Data taken from Smith et al. (Reference 43)
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per thousand, with hydrocarbon input from nearby industry and marinas. The
Escambia River site is P miles upstream from the mouth of the Escambia River,
north of local industry. Salinity is zero and the surrounding area is largely
undeveloped. Range Point Salt Marsh is located on the north side of Santa Rosa
Island, approximately 3 miles east of the Bob Sikes Bridge. Salinity varies
from 10 to 20 parts per thousand and the area is nearly pristine.

Water was collected from each site by dip sampling with a clean glass
bottle, transported to the laboratory, filtered through a 3-micron membrane
filter, and stirred overnight at room temperature. The top 3 to 5 cm of sedi-
ment and associated detritus were collected at each site along with overlying
water. The suspension was passed through a 2 mm screen, and particles of sand
were allowed to settle. The resultant organic sediment slurry was decanted and
stirred overnight at room temperature.

2. Fate Tests

Ouiescent fate tests consisted of sets of four test flasks:
(I) Active Water (AW) contained filtered water from the sampling site (2)
Sterile Water (SW) contained filtered water sterilized with 0.3 percent HgCl 2 ;
(3) Active Sediment (AS) contained sediment (5-10 g/k dry weicht) and filtered
water; (4) Sterile Sediment (SS) contained sediment, 0.3 percent Hg Cl2 , and
filtered water from the test site. Quiescent tests were performed in 150 mt
milk dilution bottles; duplicate bottles were prepared for each sample time.
The final volume of liquid in each bottle was 25 mt. The missile fuel (10 pk)
was added to the surface of the water in each bottle with a Drummond micro-
dispenser, and the bottles were capped and shaken in a horizontal position for
10 minutes at 150 rpm to encourage initial sediment-fuel interaction. The caps
were then removed and the bottles incubated as previously described for the jet
fuel studies (Reference 2). An additional set of active and control bottles,
used to monitor microbial populations and detect contamination of environmental
samples, was prepared in the same manner. No hydrocarbons were added to the
control bottles. After incubation, the total contents of each bottle were
extracted with 10 ml of CS2 that contained hexadecane as an internal standard.
The extracts were placed in glass vials, sealed with silicone septa, and stored
at -4 degrees centigrade until analyzed.

3. Chemical Analysis

Analysis was carried out by high-resolution capillary chromatography
using a Hewlett Packard 5730 gas chromatograph equipped with flame ionization
detector and cryogenic unit. The column was coated to a thickness of 1.0 um
with methyl silicone bonded phase (Scientific Class Fngineering PP-i). Data
integration and storage was performed by an HP3357 computer with Lab Automation
System (AS) capabilities. Inlet and detector temperatures were 250 degrees
centigrade. Hydrogen was used as the carrier gas and nitrogen was used as make-
up. Column flow was I L/minute. All samples were injected splitless.
The temperature program for RJ-5 began at 00 degrees centigrade and increased 4
degrees centiqrade/minute to 220 degrees centigrade. The tpmperature for JP-9
began at 25 degrees centigrade with a 4-minute isothermal told and increased 4
deqrees centigrade/minute to 200 degrees centigrade.
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Statistical analyses of the data were performed using standard programs
for means and standard deviations and simple linear regression. Regression
analyses were performed on the semilog transformations of the concentration data.

4. Microbiology

Heterotrophic bacteria were enumerated by a standard five-tube most
probable number (MPN) technique (Reference 44). The enumeration medium contained
1 gram of yeast extract and 5 g Bacto-Peptone (DIFCO) per liter. The pH was
adjusted to 7.6 before autoclaving. Salinity values were matched to those at
each sampling site with an aged sea salts solution. Each MPN tube was inoculated
with 1.0 mX of an environmental sample. Tubes were incubated at 25 degrees centi-
grade temperature and examined for turbidity after 2 weeks.

Pydrocarbonoclastic bacteria were enumerated by a five-tube 14C-MPN tech-
nique similar to that described by Lehmicke et al. (Reference 45). The enumer-
ation medium was a minimal salts broth (MSP) (K2HPO 4 , 700 mg; MTgSO 4 H20, 11 2 mg;
ZnS0 4 , 5 mg; NaMgSO4 .2HO, 2 mg; CaCl2 , 14 mq; NH4Cl, 500 mg; one liter H20),
adjusted to pH 7.6 and to the proper salinity with NaCL. One mLsamples of the
basal medium were dispensed into 4 mR Omnivials@ (Wheaton Scientific). The
vials were capped, sterilized by autclaving, and stored at 5 degrees centigrade
until used. The substrate was n-[I- nC]-hexadecane (Amersham, Incorp.) with a
specific activity of 235 PCi per mg. The hexadecane was diluted in hexane to a
concentration of 8.25 ug/mt and 5.0 Pt were transferred aseptically to sterile
Sensi Discs® in a sterile petri dish. The hexane carrier was allowed to evapor-
ate for 10 minutes, a~d the discs were distributed into the separate vials of
MSB. The Sensi Discs sank to the bottom of the vials, minimizing the volatili-
zation of hexadecane from the medium. The substrate remained associated with
the disc where it was available for degradation. This procedure resulted in a
substrate concentration of 41 ug/k and 20,000 dpm per vial. Each vial was
inoculated with 0.1 mX of serial dilutions of a sample, and was incubated, with-
out a cap, inside a tightly capped glass scintillation vial which contained I mt
of I N NaOH (Figure 63). After incubation for 2 weeks the Omnivials ® were
removed, scintillation cocktail was added to the NaOH, and the radioactivity was
measured by liquid scintillation counting in a liquid scintillation counter.
Any vial that exceeded the background average by 1 percent or more of the total
available counts was scored as positive.

5. Toxicity Assays

The bacteriostatic effect of RJ-5 was determined by measuring microbial
activity in the presence of various concentrations of RJ-5.

Four exposure concentrations were tested (Control, 50 mg/t, 500 mg/t,
5000 mg/, at four times (4 hours, 24 hours, 48 hours, 72 hours). Rj-5 was
dissolved in hexane and added to ]-liter flasks. The hexane was evaporated, and
I liter of water and 500 mg sediment were added to each flask. The suspensions
in the flasks were then homogenized with a polytron (Brinkman Inst. Co.) at full
speed for I minute to emulsify the fuel. Control flasks received no fuel and were
treated in the same manner as the exposed flasks. Triplicate flasks were prepared
at each concentration. The fuel, sediment, and water mixtures were then transferred
to 2-liter Erlenmeyer flaskc and placed on a rotary incubator at 25°C and 100 rpm.
At each exposure time, flasks were removed from the shaker, stirred on a magnetic
stir plate, and sampled in mk triplicates for measurement of activity. An
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Figire 63. Enumeration of Hydrocarbon Degrading Microorganisms. a) Replicate
Vials Received 1C-Hexadecane Sorbed onto Sterile Filter Discs, and
0.1 mLof Uiluted Samples. b) Cultures were Incubated in Capped
Scintillation Vials Containing 1 mv of iN NaOH for 2 weeks.
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Figure 64. Fate of endo- Tetrahydrodi (Cyclopentadiene) of JP-9 in Sediment and
Water from Range Point. Samples were Collected 11 October, 1983;
Salinity was 21 Percent; Sediment Concentration in Experimental
Bottles was 6.5 gram (Dry Weight)/liter. Data Shown are Means of
Duplicate Analyses; Variation of Replicates was Less Than 10 Percent
of Mean Values
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Figure 65. Fate of exo- Tetrahydrodi (Cyclopentadiene) of dP-9 in Sediment and
Water from Range Point. Samples were Collected 11 October, 1983;
Salinity was 21 Percent; Sediment Concentration in Experimental

"1 Bottles was 6.5 gram (Dry Weight)/liter. Data Shown are Means of

~Duplicate Analyses; Variation of Replicates was Less Than 10 Percent
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Figure 66. Fate of endo,endo- Dihydrodi (Norbornadiene) of JP-9 in Sediment and
Water from Range Point. Samples were Collected 11 October, 1983;
Salinity was 21 Percent; Sediment Concentration in Experimental
Bottles was 6.5 gram (Dry Weight)/liter. Data Shown are Means of
Duplicate Analyses; Variation of Replicates was Less Than 10 Percent
of Mean Values.
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additional sample was taken for microbial enumeration by acridine orange direct
count (AOOC).

Microbial activity was estimated by measuring olucose mineralization.
Each 9 mg sample was placed in a 25 mk flask with 20 vig of 14C-labeled glucose/k
(Amersham Co.) incubated on a bench-top gyro rotary shaker at 125 rpm for 4-hours.
At the end of the incubation period the medium was acidified to pH 3 and evolved
C02 was trapped on filter paper saturated with ]ON NaOH. The amount of 14C02
trapped on the filter was quantitated by liquid scintillation counting and was
used to determine the amount of glucose mineralized by the microbial community.

Toxicity to Mysidopsis bahia was measured in a standard 96-hour static
test. Emulsions of the uel were prepared as described above, except that sedi-
ment was omitted and samples were homogenized for 3 mini:tes. Mysids used in
the tests were 48 to 72 hours old and were provided by Richard Montgomery,
University of West Florida. LC-50 values were calculatcd by the Probit Method.

C. RESULTS

1. JP-9

When JP-9 was incubated with water from Range Point salt marsh, the
fuel remained on the surface and the lighter components (n-heptane, methylcyclo-
hexane, toluene and 2,5-dimethylhexane) volatilized within 5 hours (See Appendix
C). Inclusion of sediment in the test system slowed the volatilization of methyl-
cyclohexane and caused it to persist for 60 hours. There were no discernible
differences between the active and sterile systems.

The high-density synthetic compounds disappeared more slowly (Figures
64 through 66 and Appendix C) because of their lower vapor pressures. The cyclo-
pentadiene dimers were more volatile from water than the norbornadiene
dimers. The endo dimers of cyclopentadiene were detectable in the water only
at the initial sample time, while the exo dimers persisted for 24 hours. Endo,
endo-dihydrodi(norbornadiene) volatilized more slowly from water and was stil
* Jtectable after 120 hours. No appreciable losses of high-density components
occurred from test systems that contained sediment. Sorption to sediment
essentially precluded volatilization of both the norbornadiene dimers and the
more volatile cyclopentadiene dimers. The results were identical in sterile
controls, indicating that the sorption and volatilization processes were not
confounded by biotic factors.

Results were similar when the experiment was repeated with sediment
and water samples from the Escambia River (see Appendix C). Except for methyl-
cyclohexane, the lighter components volatilized from water within P hours, but
persisted for 24 hours in systems that contained sediment. Methylcyclohexane
remained detectable in sediment throunhout the 120-hour test. Cyclopentadiene
dimers volatilized from water within 24 hours, whereas the norbornadiene dimer
remained at a detectable, but nreatly reduced concentration, through 12 hours.
The high-density dimers did not disappear from test systems tnat contained sedi-
ment.
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2. RJ-5

RJ-5 sank to the bottom of the water and sediment samples with no
detectable biodegradation or volatilization of the norbornadiene dimers after
1400-hour incubation (Figure 67 through 69; Appendix C). Data shown are for
samples from Range Point; results were identical with samples from Escambia
River incubated for 2000 hours (see Appendix C).

3. Toxicity

Comparison of microbial population densities (Figure 70) in RJ-5
treated samples, with those in controls, indicated that RJ-5 was not toxic to
the bacteria in the biodegradation test. Indeed, RJ-5 seemed to stimulate
microbial populations, possibly because the traces of lighter hydrocarbon com-
ponents served as sources of carbon and energy for the microorganisms. Similar
results were obtained with JP-9.

The effects of RJ-5 emulsions on microbial activity were assessed by
measurement of glucose mineralization (Figure 71). RJ-5 initially inhibited
the heterotrophic activity of microbial communities. After 24 hours, the activity
returned to control levels or above in suspensions with 50 or 500 mg R)- cer
liter. Activity remained depressed in suspensions treated with 5000 mg,.

Because RJ-5 settles to the bottom of aquatic systems, experiments were
designed to test its toxicity to the benthic invertebrate Mysidopsis bahia.
Sediment was not included in the experimental systems because it would have
made it difficult to count the mysids. The 96-hour LC-50 for fuel emulsified
in water was 88 tig/Z (Table 5). Most of the mortality occurred within the first
24 hours of the test which suggests that traces of volatile compounds might have
been responsible for the toxicity. Alternatively, the fuel-water emulsion may
have separated during the prolonged incubation period and lessened the contact
of the mysids with the fuel.

D. DISCUSSION

The differences in density between RJ-5 and JP-9 seem to determine
the differences in their fate in aquatic systems. Volatilization of the com-
ponents from JP-9 was much faster than from RJ-5 because JP-9 floats on the
surface of the water. The difference was particularly notable with endo-endo-
dihydrodi(norbornadiene), which was present in both fuels; it volati1iTzed-from
JP-9 mixtures within a few days, yet remained for much longer periods in RJ-5.
Sorption to the sediment greatly reduced the volatilization of both fuels. The
norbornadiene dimers have a higher affinity for sediment than the cyclopentadiene
dimers (Reference 46), but both types of compounds resisted weathering in the
presence of sediment.

The structural features of the high-density synthetic molecules make
them very resistant to microbial attack. Preliminary work by Maclntyre et al.
(Reference 46) has suggestw' that some of the norbornadiene limers can be
biologically transformed by the insertion of an oxygen atom, but we did not
detect such transformations.
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Figure 67. Fate of endo,endo- Uihydrodi (Norbornadiene) of RJ-5 in Sediment and
Water from-Ranqe Point. Samples were Collected 6 April, 1983; Sediment
Concentrition in Experimental Bottles was 4.7 grams (Dry Weight)/liter.
Data Shown are means of Duplicate Analyses; Variation Between Replicates
was Less Than 10 Percent of Mean Values.
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Figure 68. Fate of exo~endo- Dihydrodi (Norbornadiene) of RJ-5 in Sediment and
Water fr-om R-ange Point. Samples were Collected 6 April, 1983; Sediment
Concentration in Experimental Bottles was 4.7 grams (Dry Weight)/liter.
Data Shown are means of Duplicate Analyses; Variation Between Replicates
was Less Than 10 Percent. f Mean Values.
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Figure 69. Fate of Dehydro- endo,endo- Dihydrodi (Norbornadiene) of RJ-5 in
Sediment and Water-Oro-R'nge Point. Samples were Collected 6 April
1983; Sediment Concentration in Experimental Bottles was 4.7 grams (Dry
Weight)/liter. Data Shown are means of Duplicate Analyses; VariationBetween Replicates was Less Than 10 Percent of Mean Values.
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Figure 70. Effects on RJ-5 on Microbial Community Size in Water from Range
Point. Water was Incubated with RJ-5 at a Concentration of 400 og/liter
as Described in Methods. Samples were Removed at Appropriate Intervals
and Bacteria were Enumerated by Measurements of MPN in Nutrient Broth.
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Figure 71. Effects of RJ-b on Microbial Activity. Glucose Mineralization was
Measured in Range Point Sediment and Water Samples after Treatment
with Various Concentrations of RJ-b as Described in Methods.
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TABLE 5. TOXICITY OF RJ-5 TO MYSIDOPSIS BAHIA.

Concentration (ipg/z) Percent Mortality (96h)

Control 15

62 30

96 70

148 80

227 100

349 100

LC5Oa 87.6 + 16.7 iig/z

a Probit analysis with Abbott's correction for control mortality (N=20)
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The fuels were not toxic to microorganisms at low to moderate concen-
trations but RJ-5 was toxic to mysid shrimp. The LC-50 values observed in this
study were similar to those reported by Jenkins et al. (Pefercnce 47) for flagfish
and rainbow trout. Because the high-density components of the fuels are essentially
insoluble in water, the figures given for nominal concentrations in the microbial
toxicity tests Othould be considered to reflect fuel-water ratios, rather than
concentrations. The lower concentrations in the mysid toxicity tests are closer
to the solubility of the fuel components.

The recalcitrdn.e uf RJ-5 to microbial egradar 'on, affinity for sediment,
density, ind tnx-.ity to aquatic macrobiota suggest that i large-scale spill of
the fuPl COuld prpesrt major envirormental problems. J'-9 appears to be nuch
le ss ")f J ,r(e;tntdI problef, in the aquatic environment thdn RJ-5 because of mts

i-o2;,o pressure dn1 lower density.
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The following conclusions are presented, based on laboratory and field
research over the past year.

1. If jet fuel is spilled on the surface of a quiescent body of water, it
will rapidly volatilize into the atmosphere. Very little, of the hydrocarbons
will dissolve into the water column and persist therein. Based on observations
during the field study, jet fuel that had reached the water surface during dosing
rapidly evaporated. In addition, sampling and extraction of large water volumes
and gas chromatographic analysis of the extracts indicated no hydrocarbons in the
water 2 days following the dosing.

2. Mechanical mixing of the jet fuel hydrocarbons within the water column is
required before hydrocarbons will be retained and detected therein. This was
concluded largely from our previous quiescent bottle tests; initial shaking of
the fuel oil with the water for 1 hour before incubation under quiescent conditions
resulted in detectable concentrations of hydrocarbons in the water. These hydro-
carbon concentrations then decreased steadily by volatilization over time, reach-
ing undetectable levels in approximately 2-18 days, depending on water source
and the hydrocarbon. Unfortunately, this mixing step could not be accommodated
in the field study, therefore, field validation of these results was not possible.

3. Dosing of the field site with jet fuel-contaminated sediments proved to
be both practical and efficient for examining the fate of hydrocarbons in sedi-
ments. Our method modeled an extreme situation; i.e., extensive mechanical
mixing of spilled fuel with water and suspended sediments. Both the laboratory
and field experiments showed this situation will result in long-term (greater
than 30 days) association of hydrocarbons with sediments.

4. Volatilization of sediment-sorbed hydrocarbons was slow after the con-
taminated sediments had settled to the bottom of the associated pond or water
body. Concentrations of many of the hydrocarbons associated with the sediments
slowly decreased, with detectable concentrations remaining for 15 to 20 days.
Greater depth of the water column and possible reduced oxygen conditions increased
the persistence.

5. Dilution of sediment-sorbed hydrocarbons into the organic matrix of
surrounding uncontaminated sediments probably occurred. This conclusion is based
on the observation that concentrations of most hydrocarbons associated with
unconfined sediments (i.e., not in field trays) fell below detection limits in
the field despite the apparent absence of volatility and biodegradation. Only
the high molecular weight n-alkanes were an exception, they were consistently
found in all sediment samples during the entire experimental period. In addition,
concentrations of the methylsubstituted alkanes, ethylcyclohexane, p-xylene and
1,3,5-trimethylbenzene did not substantially decrease at the deeper more anaerobic
site.
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6. Biodegradation was not a major factor in the loss of hydrocarbons from
sediments in our test pond as several hydrocarbons which readily biodegraded in
the bottle tests, did not disappear at the field site. Possibly, this was the
result ot i mor(- anaerohic environment associated with the sediment bed in the
field, a Conditinn which is known to reduce biodegradation rates.

/. Toe information produced from the quiescent bottle tests, as they have
been ised in this project to study the fate of JP-4 in sediments, accurately
forecast eveilts in the field in some instances but disagreed with results from
the field in other cases. For exaaiple, most of the hydrocarbons that persisted
in the bottle tests also persisted in the field. However, most of the hydrocar-
bons that appeared to he hiodegcaded in the bottle tests did not disappear
from the plexiglass trays and were slow to disappear in the field samples. In
addition, many of 'he hydrocarbons that rapidly volatilized from the sediments in
the bottle tests, wer , much slower to volatilize from sediments in the field.
These dfterences were prohably due to physical limitations of the bottle test
inadequately representinj the volume -)f water over the sediment in the field.

21. 1P-9 and P3-5 missile fueis were not biodegradable. Because of its
higher densit;, P--5 will persist if spilled in aquatic systems. These fuels,
particularly RJ ! could be toxic to marine animals.

B . RE C01)ML1N[;AT [ONS

1. Assos-ments of ,e fuel fate in aquatic systems should be carefully
considored, particularly where suspended sediments may he involved.

2. 13iodegradation rotentidl should be carefully exami ned in laboratory and
field test:.. Experimeots should be conducted in the lahoratory under conditions

. in whicn de(radat.i r rosIlts are not confounded by volatilization. Biodegradation
products of i diidual hydrocarbons should he determined to provide a more defini-
tive method for assessing hiodegradation in the laboratory and in the field.

3. The role of sedOments in stimulating or suppressing biodegradation in
* aquatic systems should be more thoroughly studied.

4. More infrmatitn is needed on the biodegradation of the water-soluble
fractions of the jet fuel,. This fraction, because of the soluhility of the
associated aiorriatic hydrocarbons, is must likely to move from the sediments into
the water column. The persistence of some of these toxic aromatic hydrocarbons
in the sediments, as observed in the field study, may mean that biodegradation in

-- .,3-r column is one of the few mechanisms for eventual elimination of the

t ddta. On of mu'croWial conmun it es to faster biodegradation of hydro-
carbons should he exaiiined in field and laboratory systems since this may reveal
a comaxinity respor'e that is not reflected in the initital disappearance of

-' parent compound.

6. The )1exqlass tr ys, which were used in our study to conduct field experi-
* iments on the environmert.al significance of laboratory data, should be further

developed as a test 'peth,.(i. '1h; chnmuld include additional field validation studies,
* improvements in ,iwpliin, te, I Cs, the pos;ile use of sterilized sediments to
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single out events due to biodegradation, and optimization of tray design relativeto water exchange with the sediment surface and anaerobic conditions in the
sediment. Addition of a conservative tracer, such as the hydrocarbon pristane
(very slow to biodegrade or volatilize), to the jet fuel should be tested as a
means of improving quantitative chemical analysis of field samples.

104



'W, , -6P% --- rM rWUW "W FF W-K1% n -J ", J K I, -A, '%A. -J1 -,, , W. ; rW V). r , wV WU -. T -w :-T--. X- : -U U , l

REFERENCFS

I. National Acadmy of Sciences, Petroleum in the Mat 'ne Environment.
Nat. i,.onal Ac adirny of Sciences, Wa-STF-itn, TT .

'. pai , J.C., SomerviIle, C.C., Lee, T.J., Butler, .C., and Bourquin, A.W.,
)egradaton of Jet Fuel hydrocarbons bv Aquatic M' robial Communities,
FPA-600X-83-059, U.-S.Envi ronmenta iProtect ion ncy, Gu If Breeze, FL.,
19823.

3. Fnrhardt, M. dnd Blumer, M., "Source Identifitat, ri of Marine Hydrocarbons
by Gas Chromatography," Environmental Pollution, )1 3, pp. 199-194, ]Y/?.

4. Higgins, I.J. and Gilbert, P.)., Biodegradat~on ( Hyarocdrbons, In: The Oil
Industry and Microbial Ecosystems, K.W.A. Chdter id H.M Somervilie (eds.),
Heyden and Son, London, pp. 80-11i, 1978.

5. Lee, R.F., Dornseif, B., Gonsoulin, F., Tenore, . and Haoson, R., "Fate
and Effects of a Heavy Fuel Oil Spill on a Georg,,' Salt Marsn," Marine
Environmental Research, vol 5, pp. 125-143, 1981.

6. Fedorak, P.M. and Westlake, D.W.G., "Microbial I) ,raddtion of Arornatic
and Saturates in Prudhoe Bay Crude Oil as Determ,ed by Glass Capillary Ga
Chromatography," Canadian Journal of Microbiolog , vol 27, pp. 432-443, !9-H

7. Jones, D.M., Douglas, A.G., Parkers, R.J., Taylor, J., Ciger, W. and
Schafner, C., "Recognition of Biodegraded Petrol,.in-Derived Aromacic
Hydrocarbons in Recent Marine Sediments," Marine '>ollution Bulletin,
vol 14, pp. 103-108, 1983.

8. Ward, D.N., Atlas, R.M., Boehm, P. and Calder, J.A., "Hiodegradation and
Chemical Evaluation of Oil from the AMOCO CADIZ Spill," Aihio vol 9, pp.
277-283, 1980.

9. Albaiges, J. and Cuberes, M.R., "On the Degradation of Petroleum Residues
in the Marine Environment," Chemosphere, vol 9, pp. 539-545, 1980.

10. Coleman, W.F., Munch, J.W., Strucker, R.P., Ringhland, H.P., and Koppler,
F.C., "Identification and Measurement of Components in Gasoline, Kerosene,
and No. 2 Fuel Oil that Partition into the Aqueous Phase after Mixing,"
Archives of Environmental Contaminated and Toxiclolgy, vol 13, pp. 171-178,
1984.

11. McDonald, I.J., Brooks, J.M. and Kennicutt II, M.C., "Release of Volatile
Liquid Hydrocarbons from Spilled Petroleum," Bulletin of Environmental
Contamination and Toxicology, vol 32, pp. 621-628, 19P1.

1?. Roehm, P.P., Fiest, D.L., Mackay, 1). and Patterson, '., "Physical - Chemical
Wea therinq of Petroleum Hycirucarhrrns from the IXTOC I Blowout: Chc0l1i La 1
ileasuroments and a Weathering Model," Environmental Science and Technology,
vol 16, pp. 498-505, 198?.

% V



I

13. Zurcher, Fritz and Thuer, Mackus, "Rapid Weathering Processes of Fuel Oil
in Natural Waters: Analyses and Interpretations," Environmental Science
and Technology, vol 12, pp. 838-843, 197R.

14. Matsumoto, G., "Comparative Study on Organic Const4tuents in Polluted and
Unpolluted Inland Aquatic Environments - V. Organic Carbons and Hydro-
carbons in Sediments," Water Research, vol 17, pp. 823-,30, 1983.

15. Van Vleet, E.S. and Ouinn, J.G., "Input and Fate of Petroleum Hydrocarbons
Entering the Providence River and Upper Narragansett Bay from Waste Water
Effluents," Environmental Science and Technology, vol 11, pp. 1086-1092,
1977.

16. Atlas, R.M., Horowitz, A. and Busdosh, M., "Prudhoe Bay Crude Oil in Arctic
Marine Ice, Water, and Sediment Ecosystems: Degradation and Interactions
with Microbial and Benthic Communities," Journal of. Fishery Research Board
of Canada, vol 35, pp. 585-5q0, 1978.

17. Haines, J.R. and Atlas, P.M., "In situ Microbial Degradation of Prudhoe Bay
Crude Oil in Beaufort Sea Sedim-t-7 "arine Environmental Research, vol 7,
pp. 91-102, 1q82.

18. Knap, A.H., "Petroleum Hydrocarbons in Sediments of South Hampton, U.K.
Water Estuary," Marine Environmental Research, vol 7, pp. 232-237, 1982.

19. Knap, A.H. and Williams, P.J., "Experimental Studies to Determine the Fate of
Petroleum Hydrocarbons from Refinerey Effluents in an -stuarine System,"
Environmental Science and Technology, vol 16, pp. 1-q, 1982.

20. Hanes, J.R. and Atlas P.M., "In Situ Microbial Degradation of Purdhoe Bay
Crude Oil in Beaufort Sea Sediments," Marine Environmental Research, vol 7,
pp. 91-96, 1982.

21. Bates, T.S., Hamilton, S.E., and Chine, J.1., "Vertical Transport and
Sedimentation of Hydrocarbons in the Central Main Basin of Puget Sound,
Washington," Environmental Science and Technology, vol 18, pp. 299-305,
1984.

22. Hamilton, S.E., Bates. T.S., and Chino, J.D., "Sources and Transport
of Hydrocarbons in th, Green-Uliwamish Piver, Washington," Environmental
Science and Technolog,. vol 18, pp. 72-79, 1984.

23. Herbes, S.E., "Rate (w. Microbial Transformation of Polycyclic Aromatic
Hydrocarbons in Water ind Sediments in the Vicinity of a Coal-Coking
haste Water Discharge: Applied Environmental Microbial., vol 41,
pp. 20-28, 1981.

24. Herbes, S.E. and Schv,.tll, L.R., "Microbial Transformation of Polycyclic
Aromatic Hydrocarbon,, in Pristine and Petroleum-contaminated Sediments,"
Applied Environmental Microbiology, vol 35, p>I. 306--16, 11978.

25. Webb, J.W., Alexande o , S.K. and WintPrs, J.K., "Effects of Autumn
Application of Oil e,, ' partina alterniflora in a Texas Salt Marsh,"
Environmental Pollutiln (Series A), vol 38, pp. 321-326, 1985.

1O6

*," ",'-"- "/-<""" "'- --'-:-'-'"'"-',"- -"."k ,>- -.- -;v -S.''-.'' :.-"v..; ' ,'; - -' ','- , - '-,% ," 'w:,,



26. Cooney, J.J., Silver, S.A. and Beck, E.A., "Factors Influencing Hydrocarbon
Degradation in Three Freshwater Lakes," Microbial Ecology, vol 11, pp. 127-
137, 1985.

27. Elmgreen, R., Vargo, G.A., Grassle, J.F., Grassle, J.P., Heinle, D.R.,
Langlois, G. and Vargo, S.L., "Trophic Interactions in Experimental Marine
Ecosystems Perturbed by Oil," CONF-781101 In: Microcosms in Ecological
Research. Technical Information Center, Dept. of Energy, pp. 779-800, 1980.

28. Gearing, P.J., Gearing, J.N., Pruel, R.J., Wade, T.L. and Quinn, J.G.,
"Partitioning of No. 2 Fuel Oil in Controlled Estuarine Ecosystems:
Sediments and Suspended Particulate Matter," Environmental Science and
Technology, vol 14, pp. 1129-1136, 1980.

29. Oviatt, C.J., Frethsen, J., Gearing, J.N. and Gearing, P., "Low Chronic
Additions of No. 2 Fuel Oil: Chemical Behavior, Biological Impact and
Recovery in a Simulated Estuarine Environment," Marine Ecology Progress
Series, vol 9, pp. 121-136, 1982.

30. Wade, T.L. and Quinn, J.G., "Incorporation, Distribution and Fate of
Saturated Petroleum Hydrocrbons in Sediments from a Controlled Marine
Ecosystem," Marine Environmental Research, vol 3, pp. 15-33, 1984.

31. Mayo, D.W., Page, P.S., Cooley, J., Sorenson, E., Bradley, F., Gilfillan,
E.S. and Hanson, S.A., "Weathering Characteristics of Petroleum Hydrocarbons
Deposited in Fine Clay Marine Sediments, Searsport, Maine," Proceedings of
the Symposium on Recovery Potential of Oiled Marine Northern Environments,
Nova Scotia, October 10-14, 1917.

32. Colwell, R.R., Mills, A.L., Walker, J.D., Tello Garcia, P. and Campos-P, V.,
"Microbial Ecology Studies of the Metula Spill in the Straits of Magellan,"
Journal of Fishery Research Board of Canada, vol 35, pp. 573-580.

33. Atlas, R.M., Boehm, P.O. and Calder, J.A., "Chemical and Biological Weather-
ing of Oil from the Amoco Cadiz Spillage within the Littoral Zone," Estuarine
Coastal Shelf Science, vol 12, pp. 589-608, 1981.

34. Fusey, P. and Outdot, J., "Relative Influence of Physical Removal and
Biodegradation in the Depuration of Petroleum-contaminated Seashore Sediments,"
Marine Pollution Bulletin, vol 15, pp. 136-141, 1984.

35. Laake, M., Tjessem, K. and Rein K., "Fate of a Tritiated Ekofisk Crude Oil
in a Controlled Ecosystem Experiment with North Sea Plankton," Environmental
Science Technology, vol 18, pp. 641-647, 1984.

36. Wakeman, S.G., Davis, A.C., and Karas, J.L., "Mesocosm Experiments to
Determine the Fate and Persistence of Volatile Organic Compounds in Coastal
Seawater," Environmental Science and Technology, vol 17, pp. 611617, 1984.

37. Barth, T., "Weathering of Crude Oil in Natural Marine Environments: The
Concentration of Polar Degradation Products in Water under Oil as Measured in
General Field Studies," Chemosphere, vol 13, 1 pp. 67-86, 1984.

107

.. " '.*~.* ~ . . .~



38. Tjessen, K., Pedersen, D. and Aaberg, A., "On the Environmental Fate of a
Dispersed Ekofish Crude Oil in Sea-Immersed Plastic Columns," Water Research,
vol 18, pp. 1129-1136, 1984.

39. Horowitz, Amikam and Atlas, Ronald M., "Continuous Open Flow-through System
as a Model for Oil Degradation in the Arctic Ocean," Applied Environmental
Microbiology, vol 33, pp. 647-653, 1977.

40. Kuiper, Jan, De Wilde, Peter and Wolff, Wim, "Effects of an Oil Spill in
Outdoor Model Tidal Flat Ecosystems," Marine Pollution Bulletin, vol 15,
pp. 102-106, 1984.

41. Franco, P.J., Giddings, J.M., Herbes, S.E., Hooks, L.A., Newbold, J.D.,
Roy, W.K., Southernworth, G.R. and Stewart, A.J., "Effects of Chronic
Exposure to Coal-derived Oil on Freshwater Ecosystems: I. Microcosms,"
Environmental Toxicology and Chemistry, vol 3, pp. 447-463, 1984.

42. Burdette, G.W., "High Energy Fuels for Cruise Missiles," Journal of Energy,
vol 2, pp. 289-292.

43. Smith, J.H., Harper, J.C. and Jaber, H., Analysis and Environmental Fate
of Air Force Distillate and High Density Fuels, tbL-IK-tI-b4, Engineering
and Services Laboratory, Air Force Engineering and Services Center, Tyndall
AFB, FL, 1981.

44. Koch, A.L., "Growth Measurement," In: Manual of Methods for General
Bacteriology, Gerhardt, P. (ed.), Pnerican Society tor Microbology,
Washington, DC, pp. 179-207, 1981.

45. Lehmicke, L.G., Williams, R.T. and Crawford, R.L., "14C-Most-Probable-
Number Method for Enumeration of Active Heterotrophic Microorganisms
in Natural Waters," Applied Environmental Microbiology, vol 38, pp.
644-649, 1979.

46. Maclntryre, W.G., Smith, C.L., deFur, P.O. and Su, C.W., Hydrocarbon
Fuel Chemistry Sediment Fuel Interaction, ESL-TR-82-06, Engineering
and Services Laboratory, Air Force Fngineering and Services Center,
Tyndall AFB, FL, 1982.

47. Jenkins, D., Klein, S.A. and Cooper, R.C., "Fish Toxicity of Jet Fuels.
I. The Toxicity of The Synthetic Fuel JP-9 and Its Components,"
Water Research, vol 11, pp. 1059-1067, 1977.

108



APPENDIX A

DATA TABLES AND FIGURES FOR

FIELD SITE CHARACTERIZATION

109

'+',' ,,, " W . ,- • , V , ,',.,, .',.%* '* ', " -" % " '" """ "+ . '~ ,' . .,,, ," ,,. , + ,. , ,, .', . , .- ,



TABLE A-i. SALINITY MEASUREMENTS (PARTS PER THOUSAND) AT FIELD SITE

DATE B C-SURFACE C-MIDDLE C-BOTTOM

4-26 NDb 10 10 10

5-1 ND ND ND 8

5-7 ND 18 19 20

5-10 ND 18 18 18

5-16 17 ND 17 ND

5-18 15 16 17 17

5-21 17 16 17 19

5-25 15 15 17 19

6-3 DOSING

6-11 15 16 18 20

6-18 20 20 21 22

6-25 18 18 20 21

7-10 14 14 20 20

7-17 16 17 22 22

a Samples taken at SITE C were approximately 15 cm (SURFACE), 175 cm

(MIDDLE) and 350 cm (ROTTOM: SEDIMENT WATER INTERFACE) below the
water surface.

b ND, not determined.
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TABLE A-2. DISSOLVED OXYGEN MEASUREMENTS (mg/i) AT THE FIELD SITE

DATE B C-SURFACE C-MIDDLE C-BOTTOM

5-1 ND 7.9 13 .4

5-4 ND 6.4 5.0 3.5

5-7 ND 6.0 5.5 1.1

5-9 ND 7.1 6.3 1.2

5-10 7.4 7,3 6.6 1.5

5-14 6.5 6.2 1.2 .8

5-16 7.5 7.5 NDb ND

5-18 ND 5.9 3.3 2.8

5-21 4.6 4.5 2.3 1.8

5-25 5.2 5.1 2.9 .7

6-1 6.7 6.7 5.8 5.1

6-3 DOSING

6-5 5.7 5.6 4.0 2.1

6-6 6.2 5.9 4.9 1.0

6-8 6.9 7.1 5.2 .8

6-11 4.2 4.9 2.4 2.8

6-14 6.7 7.2 5.5 .7

6-18 5.6 5.5 5.0 4.9

6-25 5.1 5.3 2.4 1.1

7-2 6.1 6.0 4.9 2.6

7-10 5.3 4.9 .4 .2

7-12 5.0 5.0 4.2 4.3

a Samples taken at Site C, were approximately 15 cm (SURFACE), 175 cm

(MIDDLE) and 350 cm (BOTTOM: SEDIMENT-WATER INTERFACE) below the
water surface.

b ND, not determined.
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TABLE A-3. MEASURED VALUES OF pH AT THE FIELD SITE

Sites a

Date B C

4-26 7.5 7.5

4-27 7.2 7.4

5-1 7.0 7.1

5-7 7.6 7.6

5-9 7.6 7.6

6-3 DOSING

6-5 7.1 6.9

6-6 6.9 7.1

6-7 7.3 7.2

6-8 6.7 7.0

6-11 6.6 6.8

6-14 7.2 6.6

6-18 8.4 7.9

6-25 6.4 6.8

a All samples taken approximately 15 cm below water

surface.
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TABLE A-4. MEASUREMENTS OF TEMPERATURE (-C) AT FIELD SITE

SITESa

DATE B C-SURFACE C-MIDDLE C-BOTTOM

5-4 NDb 26.0 25.0 25.0

5-7 ND 29.5 28.8 28.5

5-9 ND 25.0 23.0 23.0

5-10 25.0 28.0 24.0 24.0

5-14 33.0 31.0 28.0 28.0

5-16 30.0 30.0 26.0 26.0

5-18 25.0 25.0 25.0

5-21 28.0 28.0 27.0 27.0

5-25 29.0 29.0 29.0 29.0

6-1 29.0 28.0 24.0 24.0

6-3 DOSING

6-5 32.0 33.0 27.0 27.0

6-6 29.0 29.0 27.0 28.0

6-7 33.0 34.0 33.0 28.0

6-8 34.0 34.0 29.0 20.0

6-11 31.0 33.0 29.0 29.0

6-14 29.0 30.0 27.0 29.0

6-18 30.0 30.0 30.0 30.0

6-25 30.0 30.0 31.0 32.0

6-5 30.0 29.0 31.0 32.0

7-10 36.0 36.0 33.0 33.0

7-17 32.0 32.0 32.0 31.(,

a Samples taken at Site C were approximatply 15 cm (SURFACE), 175 cm
(MIDDLE) and 350 cm (BOTTOM: SEDIMENT-WATER INTERFACE).

b ND, not determined.
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Figure A-1. Rhodomine WT Concentrations at Site C in the Test Pond
at Approximately 15 cm (Surface), 175 cm (Middle), and
350 cm (Bottom: Sediment Water Interface Below the
Water Surface.
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TABLE R-1. ACTUAL HYDROCARBON CONCENTRATIONS (mg/t OF EXTRACT)a IN SAMPLES

TAKEN FROM THE SHALLOW WATER ACTIVE BOTTLES TESTS.

DAYS

1 2 4 8 17 29

BENZENE 2.6 0 0 0 0 0
--------------------------------------------------------------------------
CYCLOHEXANE 0 0 0 0 0 0
--------------------------------------------------------------------------
2,3-DIMETHYLPENTANE 0 0 0 0 0 0
--------------------------------------------------------------------------
3-METHYLHEXANE 0 0 0 0 0 0

HEPTANE 6.9 0 0 0 0 0

METHYLCYCLOHEXANE 0 0 0 0 0 0---------------------------

2,5-DIMEYLHEXANE 0 0 0 0 0 0

2,4-DIMETHYLHEXANE 0 0 0 0 0 0

METHYLBENZENE 5.8(5.2) 5.2(0.3) 1.6 6.3(0.3) 2.28 4.1(3.4)

2-METHYLHEPTANF 2.0(0.8) 3.2(2.2) 3.5 0 0 0

3-METHYLHEPTANE 2.5(1.0) 3.2(1.3) 4.6 2.0(0.1) 1.8(0.5) 0

1,1-DIMETHYLCYCLOHEXANE 0 0 0 0 0 0

OCTANE 5.8(2.4) 6.0(2.7) 4.9 0 0 0

ETHYLCYCLOHEXANE 2.1(0.9) 2.5(1.0) 3.4 1.5(0.1) 1.5(0.1) 0

ETHYLBENZENE 0 0 0 0 0 0

M-XYLENE 1.16 0 0 0 0 0

P-XYLENE 1.59 1.2(0.4) 1.7 0 1.1(0.2) 0

O-XYLENE 0 0 0 0 0 0

NONANE 11(4.3) 11(3.5) 9.7 3.1 2.4(0.4) 0

ISOPROPYLRENZENE (CUMENE) 0 0 0 0 0 0

1,3,5-TRIMETHYLRENZENE 1.5(l.4) 3.7(1.0) 4.3 2.6(0.?) 2.9(0.5) 1.5

1,2,4-TRIMETHYLBENZENE 1](1.1) 9.0(1.7) 11 8.9(0.4) 4.6(5.7) 5.4
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TABLE B-i. ACTUAL HYDROCARBON CONCENTRATIONS (mg/9 OF EXTRACT)a IN SAMPLES
TAKEN FROM THE SHALLOW WATER ACTIVE BOTTLES TESTS (CONCLUDED).

DAYS

1 2 4 8 17 29

DECANE 15(2.6) 20(3.5) 20 7.3(1.6) 6.3(1.5) 1.4

1,2,3-TRIMETHYLBENZENE 1.8 0 0 0 0 0

INDAN 1.3(0.1) 1.2(0.3) 0 0 0 0

UNDECANE 0 0 1.1 1.4(0.1) 15(3.6) 4.5(2.9)

NAPHTHALENE 7.9(1.5) 7.9(0.8) 7.9 4.7(0.1) 4.8(0.3) 2.2(0.9)

DODECANE 46(5.5) 51(2.9) 49 33(0.7) 30(3.3) 15(5.5)

TRIDECANE 30(3.0) 46(3.3) 42 33(1.3) 30(2.9) 21(6.1)

TETRADECANE 21(1.3) 26(1.3) 23 20(0.9) 19(1.8) 15(2.9)

PENTADECANE 6.7(0.4) 80(0.4) 7.1 6.2(0.2) 6.1(0.6) 5.4(0.9)

HEXADECANE 0.7 0.6(0.1) 0.5 0.6(0.1) 1.8(1.9) 0.4

a Values are means (+ the standard deviations). Where no standard deviation is

indicated, n=1; i.e., hydrocarbon concentrations in the other samples was below
detection limits. Only one bottle was analyzed for Day 4 samples.

b Zero reflects a hydrocarbon concentration below detection limit, either because

of sample size or actual disappearance.
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TABLE B-2. ACTUAL HYDROCARBON CONCENTRATIONS (mg/9. OF EXTRACT)a IN SAMPLES
TAKEN FROM THE SHALLOW WATER STERILE BOTTLE TESTS.

DAYS

1 2 4 8 17 29

BENZENE 5.6(0.9) 0 0 0 0 0

CYCLOHEXANE 0 0 0 0 0 0

2,3-DIMETHYLPENTANE 0 0 0 0 0 0
------------------------------------------------------------------------------
3-METHYLHEXANE 0 0 0 1.3 0 0

HEPTANE 0 0 8.9 28 38 0
------------------------------------------------------------------------------
METHYLCYCLOHEXANE 0 0 0 0 0 0
------------------------------------------------------------------------------
2,5-DIMETHYLHEXANE 0 0 0 0 0 0
------------------------------------------------------------------------------
2,4-0 IMETHYLHEXANE 0 0 0 0 0 0
------------------------------------------------------------------------------
METHYLBENZENE 0 5.1(0.5) 3.6(0.1) 4.6(2.2) 2.4 2.7(0.2)
------------------------------------------------------------------------------
2-METHYLHEPTANE 2.0 1.8(0.?) 3.1(1.1) 9.4 1.3 1.1
------------------------------------------------------------------------------
3-METHYLHEPTANE 2.1(0.7) 2.4(0.3) 2.9(1.6) 6.6(7.2) 1.9 1.5
------------------------------------------------------------------------------
1,1-0IMETHYLCYCLOHEXANE 0 0 0 0 0 0
------------------------------------------------------------------------------
OCTANE 4.3(1.6) 4.4(2.1) 7.4(1.2) 14(16) 3.3(1) 3.0(0.8)
------------------------------------------------------------------------------
ETHYLCYCLOHEXANE 1.8(0.6) 1.9(0.2) 2.9(1.0) 7.9 1.1

ETHYLBENZENE 0 0 0 0.9 0 0
------------------------------------------------------------------------------
M-XYLENE 0 0 0 0 0 0

P-XYLENE 0 .95(0.1) 1.6(0.4) 3.9 0.93 0.94
------------------------------------------------------------------------------
O-XYLENE 0 47(0.5) 48 37 1.8(2.6) 0
------------------------------------------------------------------------------
NONANE q.8(3.4) 8.5(3.4) 13(0.4) 23(22) 9.5(2.0) 10(1.5)
------------------------------------------------------------------------------
ISOPROPYLBENZENE (CUMENE) 0 0 0 0 0 0
------------------------------------------------------------------------------
1,3,5-TRIMETHYLBENZENE 2.8(1.1) ?.3(1.0) 3.9(0.6) 4.9(4.7) 2.2(0.3) 2.3(0.3)

l,2,4-TRIMETHYLBENZENE 8.9(0.6) 7.2(0.3) 9.5(0.3) 19 4.7(5.1) 8.2(1.2)
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TABLE B-2. ACTUAL HYDROCARBON CONCENTRATIONS (mg/i OF EXTRACT)a IN SAMPLES

TAKEN FROM THE SHALLOW WATER STERILE BOTTLE TESTS (CONCLUDED).

DAYS

1 2 4 8 17 29

DECANE 18(5.9) 17(6.2) 22(6.3) 32(27) 18(1.8) 20(1.9)

1,2,3-TRIMETHYLBENZENE 0 0 0 0 0 0

INDAN 0 .8(.06) 1.1(0.4) 2.0 1.2 1.0

UNDECANE 34(8.3) 32(12) 38(17) 52(37) 34(30) 36(2.1)

NAPHTHALENE 7.7(1.9) 6.5(22) 8.0(2.5) 7.8(5.5) 5.6(0.3) 6.0(0.7)

DODECANE 45(9.3) 42(13) 49(23) 59(37) 43(3.2) 44(1.3)

TRIDECANE 39(9.0) 36(12) 41(19) 49(29) 41(2.5) 39(0.1)

TETRADECANE 22(3.9) 21(6.4) 24(13) 29(16) 23.9(1.4) 23.0(1.7)

PENTADECANE 7.1(1.3) 7.1(2.2) 7.3(4.0) 8.9(5.1) 7.9(0.6) 7.2(0.6)

HEXADECANE .5(0.1) 0.7(0.1) .08 0.9(0.3) 0.5 0.6(0.1)

a Values are means (+ the standard deviations). Where no standard deviation is
indicated, n=1; i.e., hydrocarbon concentrations in the other samples was below
detection limits.

b Zero reflects a hydrocarbon concentration below detection limit, either because

of sample size or actual disappearance.
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TABLE B-3. ACTUAL HYDROCARBON CONCENTRATIONS (my/. OF EXTRACT)a IN SAMPLES
TAKEN FROM THE DEEP WATER ACTIVE BOTTLE TESTS.

DAYS

2 4 8 17 29

BENZENE 11 0 0 0 0

CYCLOHEXANE 0 0 0 0 0

2-DIMETHYLPENTANE 0 0 0 0 0----------------------------

23-ETHYLHYLX NAE 0 0 0 0 0

HEPTANE 13(l.5) 6.8(3.8) 11 0 0

METHYLCYCLOHEXANE 1.8(0.1) 1.1(.02) 1.3 0 0

2- DIMETHYLHEXANE 0 0 0 0 0-- -- -- -- - -- -- -- -- -- - -- -- -- -- -

2,4-DIMETHYLHEXANE 0 0I 0 0 0

METHYLRENZENE 1.5 4.1(0.7) 4.6 2.91%0.5), 2.4(0.2)

2-METHYLHEPTANE 14(1.1) 4.4(0.7) 6.4 2.1 -

3-METHYLHEPTANE 6.5(0.5) 5.1(0.7) 8.2 3.4(0.7) 2.2(l.3)

1,1-DIMETHYLCYCLOHEXANE 0 0 0 0 0

OCTANE 14(1.1) 9.8(1.0) 10 0 0

ETHYLCYCLOHEXANE 4.9(1.1) 4.5(0.5) 5.6 3.2(0.6) 2.3(1.0)

ETHYLBENZENE 2.2(0.?) 1.1(0.1) 1.5 1.0(0.2) 1.?
-- - - - - - -- - - --- -- - --- - - - - -- - --- - -- - - - -- --- -- - - - - - - -- --- -- -- -- - -- -

M-XYLENE 3.9(0.8) 1.0(0.3) 1.0 0 0
- -- - - -- - --- -- - - -- --- - - - - -- - - -- - --- --- - - -- - -- - -- - - - - -- - -- - - - -'---

P-XYLENE 3.('0.1) 2.4(0.3) 3.0 2.1(0.3) 1.5(0.6) 0

OYL ENE 1.0(0.3) 0 C)0

NONANE 21(2.0) 18(2.5) 18 4.1(1.1) 1.9(0.7)

ISOPROPYLBENZENE (COMENE) 0 (0 U0)I

1,3,5-TRIMETHYLBENZENE 7.5(0.2) 6.7(0.7) /.4 5.3(0.7) 3.8(2.8)
- - -- -- - - - -- --- - - - -- - - - -- - -- --- - - -- - -- - - - - - -- - - - - - -- - - - --- - - - - - --

1,?,4-TRIMETHYLBENZENE 13(1.0) 12(0.7) 17 10(7.5) 7.0(3.5)

120 .



TABLE B-3. ACTUAL HYDROCARBON CONCENTRATIONS (mg/t. OF EXTRACT)a IN SAMPLES
TAKEN FROM THE SHALLOW WATER STERILE BOTTLE TESTS (CONCLUDED).

DAYS

2 4 8 17 29

DECANE 30(2.7) 27(3.7) 30 13(3.5) 7.5(3.5)

1,2,3-TRIMETHYLBENZENE 4.3(0.7) 1.4(0.2) 4.7 4.1(0.5) 4.9

INDAN 1.9(0.1) 1.5(0.2) 1.9 1.5(0.2) 1.4(0.4)

UNDECANE 45(4.9) 43(5.5) 53 33(8.0) 23(9.9)

NAPHTHALENE 11(1.1) 9.7(1.0) 12 8.4(1.3) 7.1(3.3)

DODECANE 42(4.3) 49(5.6) 64 50(7.9) 44(16)

TRIDECANE 39(2.8) 42(5.9) 51 46(8.7) 48(17)

TETRADECANE 20(1.9) 22(3.2) 30 28(3.2) 30(10)

PENTADECANE 6.5(0.8) 7.1(1.1) 9.5 8.6(1.2) 9.8(2.7)

HEXADECANE 0.5(0.6) 0.3(.08) 0.7 0.5(0.3) 0.7(0.2)

a Values are means (+ the standard deviations). Where no standard deviation is

indicated, n=1; i.e., hydrocarbon concentrations in the other samples was below
detection limits. Only one bottle was analyzed for Day 8 samples.

h Zero reflects a hydrocarbon concentration below detection limit, either because
of sample size or actual disappearance.
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TABLE B-4. ACTUAL HYDROCARBON CONCENTRATIONS (mg/ OF EXTRACT)a IN SAMPLES
TAKEN FROM THE DEEP WATER STERILE BOTTLE TESTS.

DAYS

2 4 8 17 29

BENZENE 0 0 0 0 0

CYCLOHEXANE 0 0 0 0 0
----------------------------------------------------------------------------------

2,3-DIMETHYLPENTANE 0 0 0 0 0
-----------------------------------------------
3-METHYLHEXANE 1.4 0 0 0 0

HEPTANE 27(7.5) 26(2.5) 19 19(6.9) 11

METHYLCYCLOHEXANE 1.9(0.8) 1.3 0 0 0
2,5-D IMETHYLHE XANE 0 0 0 0 0

2,4-DIMETHYLHEXANE 0 0 0 0 0

METHYLBENZENE 3.7(2.1) 2.5(0.9) 7.8 2.9(U.1) 2.5(0.3)

2-METHYLHEPTANE 5.0(2.4) 5.5(3.4) 4.6 3.7(0.6) 3.5(2.4)

3-METHYLHEPTANE 6.4(3.2) 4.3(2.5) 5.9 4.5(0.7) 4.3(2.7)

1,I-DIMETHYLCYCLOHEXANE 0 0 0 0 0

OCTANE 14(6.9) 12(7.3) 13.8 10(1.7) 10(6.6)

ETHYLCYCLOHEXANE 4.9(2.3) 4.1(2.4) 4.3 3.1(0.5) 2.9(1.8)

ETHYLBENZENE 1.8(0.8) 1.3(0.1) 0 .9 1.2

M-XYLENE 2.7(1.5) 1.0(0.1) 0 0 0

P-XYLENE 2.8(1.4) 2.2(0.9) 2.2 1.9(0.3) 1.9(0.1)

O-XYLENE 3.5(1.3) 0 0 0 0

NONANE 24(9.5) 20(9.8) 23 15.9(10) 21(10)

ISOPROPYLBENZENE (CUMENE) 0 0 0 0 0

1,3,5-TRIMETHYLBENZENE 6.0(9.6) 5.3(2.5) 5.4 4.7(0.6) 4.7(2.2)

1,2,4-R IMI THYLBENZENE 15(5.5) 12(5.4) 13 1.(6.1) 12(S.14)
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TABLE B-4. ACTUAL HYDROCARBON CONCENTRATIONS (mg/t. OF EXTRACT)a IN SAMPLES
TAKEN FROM THE DEEP WATER STERILE BOTTLE TESTS (CONCLUDED).

DAYS

2 4 8 17 29

DECANE 39(10) 31(10) 35 33(3.6) 34(11)

1,2,3-TRIMETHYLBENZENE 3.5(1.9) 4.0 0 0 0

INDAN 2.2(0.8) 1.6(0.1) 1.4 1.4(0.2) 1.4(0.5)

UNDECANE 68(14) 55(7.4) 60 56(5.9) 58(13)

NAPHTHALENE 16(5.2) 11(3.4) 9.2 9.1(1.3) 10(2.9)

DODECANE 78(11) 64(11) 68 65(7.0) 69(14)

TRIDECANE 67(7.5) 59(8.4) 57 59(4.5) 61(11)

TETRADECANE 36(4.2) 31(4.5) 31 32(4.0) 34(5.8)

PENTADECANE 11(1.3) 9.6(1.4) 9.7 9.4(1.2) 10(1.4)

HEXADECANE 0.9(0.1) 1.6(1.7) 0.7 0.5(0.8) 0.8(0.2)

a Values are means (+ the standard deviations). Where no standard deviation is
indicated, n=1; i.e., hydrocarbon concentrations in the other samples was below
detection limits. Only one bottle was analyzed for Day 8 samples.

6 Zero reflects a hydrocarbon concentration below detection limit, either because
of sample size or actual disappearance.
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TABLE B-5. ACTUAL HYDROCARBON CONCENTRATIONS (mg/p. OF EXTRACT)a IN SAMPLES

TAKEN FROM THE SHALLOW WATER TRAYS.

DAYS

*3 4 7 14 21 29

BENZENE 0 0 0 0 0 0
---------------------------------------------------------------------------------------

CYCLOHEXANE 5.4 0 4.9 1.5 0 1.7
--------------------------------------------------------------------------------------
2,3-DIMETHYLPENTANE 2.9 0 3.3 1.3 0 1.2

4*i --------------------------------------------------------------------------------------
3-METHYLHEXANE 11.1 1.9 12.6 5.0 0 4.7

HEPTANE 114 18.4 124 47.0 0 47.5
--------------------------------------------------------------------------------------
METHYLCYCLOHEXANE 16.5 2.4 18.1 6.7 () 6.6

2,5-DIMETHYLliEXANE 4.1 0 4.9 2.1 0 1.8

2,4-DIMETHYLHEXANE 6.4 0 7.6 3.2 0 2.9

METHYLBENZENE 6.1 0 3.0 1.7 0 0
--------------------------------------------------------------------------------------
2-METHYLHEPTANE 31.6 5.2 37.3 15.1 1.2 14.7

3-METHYLHEPTANE 36.1 6.8 43.4 17.8 1.7 17.0

1,1-DIMETHYLCYCLOHEXANE 1.5 0 1.9 0 0 0

*OCTANE 68.0 11.6 81.6 32.2 2.6 31.9

ETHYLCYCLOHEXANE 21.5 3.9 27.2 10.9 1.1 10.8

ETHYLBENZENE 7.6 1.1 7.6 3.2 0 2.5

M-XYLENE 13.7 1.4 11.1 4.7 0 2.6

P-XYLENE 12.3 1.9 14.0 5.5 0 4.9

O-XYLENE 10.4 0 10.0 3.0 02.3

NONANE 69.2 13.1 95.0 36.9 3.6 37.3

ISOPROPYLBENZENE (CUMENE) 1.9 0 2.0 0 0 0

1,3,5-TRIMETHYLBENZENE 23.8 4.2 33.1 11.8 2.2 12.4
-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1,2,4-TRIMETHYLBENZENE 32.3 4.9 38.7 10.8 0 13.5
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --q- - - - - -
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TAB3LE B3-5. ACTUAL HYDROCARBON CONCENTRATIONS (my/i. OF EXTRACT)8 IN SAMPLES
TAKEN FROM THE SHALLOW WATER TRAYS (CONCLUDED).

DAY S

3 4 7 14 21 29

*DECANE 84.4 17.3 126 48.6 4.9 47.3

1,2,3-TRIMETHYLBENZENE 14.5 2.1 17.7 4.3 0 5.5

INDAN 6.1 1.0 8.0 2.5 0 2.7

UNDECANE 127 27.7 197 74.3 7.7 77.5

NAPHTHALENE 37.6 6.0 50.8 15.3 1.8 16.3

DODECANE 155 36.3 256 93.2 10.4 89.8

TRIDECANE 145 32.7 238 85.7 9.5 82.7

TETRADECANE 89.0 20.5 152 52.7 6.1 50.8

PENTADECANE 26.4 6.8 48.8 16.5 2.3 16.9

HEXADECANE 3.7 0 1.0 0.9 0 1.3

a Zero reflects a hydrocarbon concentration below detection limit, either because
4 of sample size or actual disappearance.
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TABLE B-6. ACTUAL HYDROGARBON CONCENTRATIONS (mglt OF EXTRACT)a IN SAMPLES
TAKEN FROM THE DEEP WATER TRAYS.

DAY S

3 4 10 14 21 37

BENZENE 0 0 0 0 0 0

CYCLO-HEXANE - - - - - - - 1.7 - 12.:2 - 3.3 - --0 - - -0 - - -0 - - - - - - - -

2:3-DIMETHYLPENTANE 0 6.5 1.9 0 0 0

3-METHYLHEXANE 3.8 25.3 7.4 1.4 1.4 1.0
----------------------------------------------------------------------------------
HEPTANE 37.9 254 78.1 14.3 11.3 10.2
------------------------------------------ -----------------------------------------
METHYLCYCLOHEXANE 5.6 36.5 10.9 1.2 0 1.4

2,5-DIMETHYLHEXANE 1.4 9.2 2.8 0 0 0
----------------------------------------------------------------------------------
2,4-DIMETHYLHEXANE 2.2 14.0 4.3 0 1.3 0
----------------------------------------------------------------------------------
METHYLBENZENE 2.1 12.6 2.0 0 0.9 1.7
----------------------------------------------------------------------------------
2-METHYLHEPTANE 10.6 68.8 21.6 4.0 4.8 2.9
----------------------------------------------------------------------------------
3-METHYLHEPTANE 13.3 78.5 24.6 5.0 6.1 3.6
----------------------------------------------------------------------------------
1,1-DIMETHYLCYCLOHEXANE 0 3.3 0 0 0 0
----------------------------------------------------------------------------------
OCTANE 24.6 147 46.9 8.3 9.6 6.6
----------------------------------------------------------------------------------
ETHYLCYCLOHEXANE 8.0 45.8 14.5 2.6 3.6 2.2
----------------------------------------------------------------------------------
ETHYLBENZENE 2.9 16.2 4.5 0 1.1 0
----------------------------------------------------------------------------------
M-XYLENE 5.2 29.0 7.6 0 1.1 0.9
----------------------------------------------------------------------------------
P-XYLENE 4.7 26.4 7.7 1.1 1.8 1.0
----------------------------------------------------------------------------------
O-XYLENE 2.9 24.3 5.8 0 0 0
----------------------------------------------------------------------------------
NONANE 26.8 149 46.8 7.7 11.4 7.1
----------------------------------------------------------------------------------
ISOPROPYLBENZENE (CUMENE) 0 4.9 1.2 0 0 0
----------------------------------------------------------------------------------
1,3,5-TRIMETHYLBENZENE 9.5 51.4 15.8 1.7 2.7 2.3
----------------------------------------------------------------------------------
1,2,4-TRIMETHYLBENZENE 11.9 74.6 22.3 0 0.9 14.5---- --- --- --- ---- --- --- --- ---- --- --- --- ---- --- --- --- ---- --- --- --I
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TABLE 8-6. ACTUAL HYDROCARBON CONCENTRATIONS (rng/9. OF EXTRACT)a IN SAMPLESI

TAKEN FROM THE DEEP WATER TRAYS (CONCLUDED).

DAY S

3 4 10 14 21 37

DECANE 34.6 188 56.8 R.6 13.5 9.4-- -- -- -- -- -- -- -- -- -- -- -- -- -- --- -- -- -- -- -- -- -- -- -- -- -- -I-
1,2,3-TRIMETHYLBENZENE 5.6 34.8 9.3 0 0 4.9

INDAN 2.4 16.3 4.0 0 0 0

UNDECANE 54.7 283 84.9 11.8 18.7 14.6

NAPHTHALENE 13.0 85.8 26.4 1.9 3.2 3.2

DODECANE 66.1 406 107 13.8 22.2 20.2

TRIDECANE S9.1 366 98.5 11.2 17.8 19.2

TETRADECANE 35.1 221 56.6 6.7 11.0 11.8

PENTADECANE 10.5 68.4 17.4 2.5 4.1 3.9

HEXADECANE 1.4 9.1 1.9 0 0 0

a Zero reflects a hydrocarbon concentration below detection limit, either because
of sample size or actual disappearance.
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TABLE B-7. ACTUAL HYDROCARBON CONCENTRATIONS (mg/i. OF EXTRACT)a IN SAMPLES
TAKEN FROM THE SHALLOW WATER SITE IN THE FIELD.

DAYS

1 7 14 21 28 36

BENZENE 1.8 0 U 0 0 0

CYCLOHEXANE 0 0 0 0 0 0

2,3-DIMETHYLPENTANE 1.9 1.6 0000

3-METHYLHEXANE 7.1 6.8 0 0 0 0

HEPTANE 72.8 69.5 0 6.3 7.2 0

METHYLCYCLOHEXANE 8.4 4.8 0 0 0 0

2-DIMETHYLHEXANE 2.5 2.9 0 0 0 0-------------------------

2,4-DIMETHYLHEXANE 3.9 4.6 0 0 0 0

METHYLBENZENE 0 0 0 0 0 1.8

2-METHYLHEPTANE 17.9 20.3 1.7 2.1 2.4 0

3-METHYLHEPTANE 20.3 23.0 2.2 2.8 3.0 0

1,1-DIMETHYLCYCLOHEXANE 0 0 0 0 0 0

OCTANE 36.2 39.? 3.6 4.5 4.3 0

ETHYLCYCLOHEXANE 10.4 10.9 1.3 1.7 1.6 1.0

ETHYLBENZENE 2.0 1.9 0 3.6 0 0

M-XYLENE 1.3 0 t) 0 0 0.9

D-XYLENE 4.0 4.6 0 0.9 0 0

0-XYLENE 1.3 0 0 0 0 0

NONANE 29.3 32.9 8.4 5.9 4.1 2.1---- --- --- ---- --- --- --- ---- --- --- --- ---- --- --- --- ---- --- --- -I-
ISOPROPYLF3ENZENE (CUMENE) 0 0 0 0 0 0

1,3,5-TRIMETHYLBENZENE 3.6 6.4 1.2 1.5 1.0 1.0

1,2,4-TRIMETHYLBENZENE 5.2 0.9 0 0 0 0
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TABLE B-7. ACTUAL HYDROCARBON CONCENTRATIONS (mg/i OF EXTRACT)a IN SAMPLES
TAKEN FROM THE SHALLOW WATER SITE IN THE FIELD (CONCLUDED).

DAYS

1 7 14 21 28 36

DECANE 28.3 31.9 6.8 8.0 4.6 3.2

1,2,3-TRIMETHYLBENZENE 1.9 0 0 0 0 0

INDAN 1.3 1.3 0 0 0 0

UNDECANE 36.9 41.6 10.5 12.5 8.2 5.1

NAPHTHALENE 6.7 6.0 1.6 2.2 1.7 1.5

DODECANE 37.5 43.7 13.1 16.9 10.3 6.4

TRIDECANE 28.7 35.1 11.3 15.4 7.8 4.6

TETRADECANE 16.8 20.9 6.8 9.9 5.0 2.6

PENTADECANE 4.8 6.5 2.6 3.7 1.7 0.9

HEXADECANE 2.1 0 0 0 0 0

a Zero reflects a hydrocarbon concentration below detection limit, either because

of sample size or actual disappearance.

Ile

.0

912



-w W-1 W-n ~l -a-Avilutr wr IV K 171 pN ?Vvi On

TABLE B-8. ACTUAL HYDROCARBON CONCENTRATIONS (ing/2, OF EXTRACT)a IN SAMPLES
TAKEN FROM TH4E DEEP WATER SITE IN THE FIELD.

DAY S

1 4 7 10 14 21

BENZENE 0 0 0 0 1.2 0

CYCLOHEXANE 0 0 0 0 0 0

-------------------------------------------------------------------------------------
23-ETHYLHXAN A 2. 3. 2. 0 15 1.
-------------------------------------------------------------------------------------
H-ETHNEXN 29 3.0 2.8 6. 5.9 11
-------------------------------------------------------------------------------------
METYCCEANE 49.2 40.1 38.48 6. 7 569 1.
-------------------------------------------------------------------------------------
2,5-DIMYLHEXANE 0. 0. 0. 0 2.7 0
-------------------------------------------------------------------------------------
2,4-DIMETHYLHEXANE 1. 1. 1. 0 4.2 0
-------------------------------------------------------------------------------------
METHYLIMENZYLEN E 1.2 1.1 0. 0 2.2 0
-------------------------------------------------------------------------------------
?METHYLEPTNE 6.8 6.3 6. 1. 18.3 3.
-------------------------------------------------------------------------------------
3-METHYLHEPTANE 68 7.6 684 2.0 18.0 4.8
-------------------------------------------------------------------------------------
1,-DIMHYLCYCLHXAE 0. 7. 0. 20 210 0.
-------------------------------------------------------------------------------------
OCTANEHLCLAE 14. 13. 15. 3. 36. 7.
-------------------------------------------------------------------------------------
ECTYCYLN EXN 14.3 13.7 45.5 1.0 11.3 2.5
-------------------------------------------------------------------------------------
ETHYLBENZOEE 1.4 . .1.4 0 21.8 0.
-------------------------------------------------------------------------------------
E-XYLBENE 1.4 2.2 2.3 0 3.1 0
-------------------------------------------------------------------------------------
P-XYLENE 2.2 1.9 2.3 0 5.0 1.
-------------------------------------------------------------------------------------
O-XYLENE 0. 1.1 1.1 0 1.8 0.
-------------------------------------------------------------------------------------
ONAYNE 12. 9.3 1.7 3. 32.9 80
-------------------------------------------------------------------------------------
OROYLENEN (CUENE 0. 03. 0. 02. 00

-------------------------------------------------------------------------------------
1,3,5RPYTYLBENZENE 3.4ENE 2. 4.3 0 3. 1.
-------------------------------------------------------------------------------------

1,2,4-TRIMETHYLBENZENE 4.3 3.3 4.9 0 3.7 0

- -------------------------------------------------------
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TABLE B-8. ACTUAL HYDROCARBON CONCYNTkATINS (my/i OF EXTRACT)a IN SAMPLES
TAKEN FROM THE DEEP WAI[R SITF IN THE FIELD (CONCLUDED).

DAYS

1 4 1 f) 14 21

DECANE 12.1 8.3 14.7 3.] 35.0 8.6

* 1,2,3-TRIMETHYLRENZFNE 1.5 1.3 ?.5 0 1.4 0

INDAN 0 0 1.1 0 1-5 0

UNDECANE 16.0 Q.5 ?3.3 3.9 46.3 11.1

NAPHTHALENE 3.8 2.0 7.5 0 7.4 1.7

*DODECANE 18.4 9.9 31.4 4.3 49.1 12.4

TRIDECANE 14.5 7.7 27.4 3.3 40.8 10.7

*TETRADECANE q.1 4.6 18.6 1.9 23.3 6.0

PENTADECANE 2.8 1.6 6.4 0 7.1 2.4

HEXADECANE 0 0 0 0 0.4 0

a Zero reflects a hydrocarbon concentration below detection limit, either because
of sample size or actual disappearance.
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TABLE B-9. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF SELECTED
HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES TAKEN FROM
THE SHALLOW WATER ACTIVE BOTTLES TESTS.

1 2 4 DAS8 17 29

BENZENE NSa NS NS NS Ns Ns

CYCLOHEXANE 0 o 0 0 0 0o

2,3-DIMETHYLPENTANE 0 0 0 NS NS NS

3-METHYLHEXANE 7 4 9 3 3 0

HEPTANE 1 0 1 0 0 0

METHYLCYCLOHEXANE 0 0 0 0 0 0

2,5-DIMETHYLHEXANE 0 0 0 NS NS Ns

2,4-DIMETHYLHEXANE 0 0 0 0 U 0
--------------------------------------------------------------------------
METHYLBENZENE (TOLUENE) 24 15 4 16 NS 6

-METHYLHEPTANE 3 2 5 0 0 0----------------------------

3-METHYLHEPTANE 4 2 6 2 2 0

1, 1-0IMETHYL CYCLOHEXANE NS NS NS NS NS NS

--------------------------------------------------------------------------
OTAYNE 0 3 0 0 0 0

M-XYLENEOEXN 3 5 10 0 0 0
--------------------------------------------------------------------------

O-XYLENZE 0 0 0 0 0 0
--------------------------------------------------------------------------
NONALNE 20 12 13 0 3 0
--------------------------------------------------------------------------
ISPRYLREEE (CMEE 4 NS N0N NS 0S

--------------------------------------------------------------------------
1,.4TRMEHBEZEE 5 3 5 0 6 0
--------------------------------------------------------------------------

NNN20 12 13 3

---- --- --- --- --- --- ---- --- --- --- --- --- --- ---- --- --- --- --- --- ---
ISOPOPYLENZEE (CMEN) NS NS N NS S N

---- --- ---- --- --- ---- --- --- ---- --- ---- --- --- ---- --- --- ---- -- f---

1,3,5-TRIMETHYLBENZENE 21 1 0-11



TABLE B-9. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF SELECTED
HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES TAKEN FROM
THE SHALLOW WATER ACTIVE BOTTLES TESTS (CONCLUDED).

DAYS

1 2 4 8 17 29

DECANE 43 28 34 10 11 0

1,2,3-TRIMETHYLBENZENE 11 0 0 NS NS NS

INDAN 26 30 23 28 36 NS

tINDECANE 64 51 61 23 25 9

NAPHTHALENE 58 37 38 28 30 17

DODECANE 84 78 83 59 61 40

TRIDECANE 95 88 94 78 89 70

TETRADECANE 100 100 100 100 100 100

PENTADECANE 108 98 95 107 101 118

HEXADECANE 143 93 86 131 NS NS

a NS means insufficient sample size (based on the concentration of tetradecane,

the persistent hydrocarbon used as the internal standard) was available to
ascertain the presence or absence of the hydrocarbon. Detection limits were
different for each hydrocarbon because of the relative sensitivity of the gas
chromatograph detector response.

b Sample size (based on the concentration of tetradecane, the persistent hydro-

carbon used as the internal standard) was large enough, but hydrocarbon con-
centration below detection limits. Detection limits were different for each
hydrocarbon.
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TABLE B-10. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE SHALLOW WATER STERILE BOTTLES TESTS.

DAYS

1 2 4 8 17 29

BENZENE 31 0 NSa NS NS NS

CYCLOHEXANE Ob 0 0 0 0 0

2,3-DIMETHYLPENTANE 0 0 0 0 NS NS

3-METHYLHEXANE 4 5 4 3 0 3

HEPTANE 0 0 0 0 0 0

METHYLCYCLOHEXANE 0 0 0 0 0 0

2-DIMETHYLHEXANE 0 0 0 NS NS NS--------------------------

2,4-DIMETHYLHEXANE 0 0 0 0S 0S 0S

METHYLBENZENE (TOLUENE) 0 14 7 19 NS 8

--- ---TH- ---L-- --E- --T- -- --E-- --2- --3- --2- ---0-- 0-- 1

2-METHYLHEPTANE 2 3 2 2 0 2

1,1-DIMETHYLCYCLOHEXANE NS NS NS NS NS NS

OCTANE 3 5 3 2 2 3

ETHYLCYCLOHEXANE 5 6 4 0 0 NS

ETHYLBENZENE 0 0 0 0 0 fls

M-XYLENE 3 0 0 0 0 0

P-XYLENE 4 6 4 0 NS NS

O-XYLENE 0 0 0 0 0 0

NONANE 13 17 13 10 12 17

ISOPROPYLBENZENE (CUMENE) 0 0 0 0 0 0

I,3,5-TRIMETHYLBENZENE 14 15 11 8 9 13

1,?,4-TRJMETHYLBENZENE 3 4 3 3 3 5
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TABLE B-10. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE SHALLOW WATER STERILE BOTTLES TESTS (CONCLUDED).

DAYS

1 2 4 8 17 29

DECANE 33 36 33 26 30 40

1,2,3-TRIMETHYLBENZENE 7 0 0 0 NS NS

INDAN 19 18 16 0 26 23

UNDECANE 55 57 56 46 53 64

NAPHTHALENE 43 39 35 26 30 34

DODECANE 77 80 79 68 75 81

TRIDECANE 92 93 93 85 89 88

TETRADECANE 100 100 100 100 100 100

PENTADECANE 108 100 99 107 101 99

HEXADECANE 125 100 111 125 NS 106

a NS means insufficient sample size (based on the concentration of tetradecane,
the persistent hydrocarbon used as the internal standard) was available to
ascertain the presence or absence of the hydrocarbon. Detection limits were
different for each hydrocarbon because of the relative sensitivity of the gas
chromatograph detector response.

b Sample size (based on the concentration of tetradecane, the persistent hydro-

carbon used as the internal standard) was large enough, but hydrocarbon con-
centration below detection limits. Detection limits were different for each
hydrocarbon.
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TABLE B-11. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE DEEP WATER ACTIVE BOTTLES TESTS.

DAYS

2 4 8 17 29

BENZENE 22 0 NSa NS NS

CYCLOHEXANE Ob 0 0 0 0

2,3-DIMETHYLPENTANE 0 0 0 0 NS

*3-METHYLHEXANE 12 12 10 5 0

HEPTANE 2 2 0 0 0

METHYLCYCLOHEXANE 1 1 1 0 0

2,5-DIMETHYLHEXANE 0 0 0 NS NS

2,4-DIMETHYLHEXANE 0 0 0 0 0

METHYLBENZENE (TOLUENE) 2 2 1 0 6

2.4EHYLHEDTANE 6 7 5 0 0

3-METHYLHEPTANE 8 8 6 3 0

J ,1j:METHYLCYCL0HEXANE 0 NS NS NS NS

OCTANE 8 6 1 0 0

ETHYLCYCLOHEXANE 13 13 11 7 4

ETHYLBENZENE 8 7 12 5 0

M-XYLENE 5 2 0 0 0

P-XYLENE 13 12 10 8 6

O-XYLENE 0 0 0 0 0I

NONANE 27 20640

ISOPROPYLBENZENE (CUMENE) 0 NS NS NS NS

1,3,5-TRIMETHYLBENZENE 29 26 25 20 12

1,2,4-TRIMETYAENZENE 10 4 b 5 4
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TABLE B-l. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE DEEP WATER ACTIVE BOTTLES TESTS (CONCLUDED).

DAYS

2 4 8 17 29

DECANE 52 41 24 16 6

1,2,3-TRIMETHYLBENZENE 9 5 0 0 0

INDAN 32 30 25 27 24

UNDECANE 74 65 49 38 23

NAPHTHALENE 51 50 44 34 26

DODECANE 87 84 76 69 55

TRIDECANE 97 94 90 83 84

TETRADECANE 100 100 100 100 100

PENTADECANE 102 98 100 100 109

HEXADECANE NS 97 93 81 106

a NS means insufficient sample size (based on the concentration of tetradecane,

the persistent hydrocarhon used as the internal standard) was available to
ascertain the presence or absence of the hydrocarbon. Detection limits were
different for each hydrocarbon because of the relative sensitivity of the gas
chromatograph detector response.

b Sample size (based on the concentration of tetradecane, the persistent hydro-
carbon used as the internal standard) was large enough, but hydrocarbon con-
centration below detection limits. Detection limits were different for each
hydrocarbon.
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TABLE B-12. RATIOS OF (NORMALIZED AS PERCENT OF STANDARD) CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE DEEP WATER STERILE BOTTLE TESTS.

DAYS

2 4 8 17 29

BENZENE NSa NS NS NS NS

CYCLOHEXANE Ob 0 0 0 0

2,3-DIMETHYLPENTANE 0 0 0 0 0

3-METHYLHEXANE 4 11 8 6 6

HEPTANE 0 4 3 4 0

METHYLCYCLOHEXANE 6 1 10 0 4

2-DIMETHYLNEXANE 0 0 0 0 0-----------------------------

2,4-DIMETHYLHEXANE 0 0 0 0 0

METHYLBENZENE (TOLUJENE) 8 2 14 0 5

-METHYLHEPTANE 2 6 4 3 3-----------------------------

3-METHYLHEPTANE 3 7 5 3 3

1, 1-D IMETHYLCYCLOHEXANE NS NS NS NS NS

OCTANE 4 10 7 5 5

ETHYLCYCLOHEXANE 5 12 8 6 6

ETHYLBENZENE 5 6 0 0 0

M-XYLENE 4 2 0 0 0

P-XYLENE 5 10 7 7 7

0-XYLENE 0 0 0 157 0

NONANE 15 27 21 20 21

ISOPROPYLBENZENE (CUMENE) 0 NS NS NS NS

1,3,5-TRIMETHYLBENZENE 8 23 16 16 16

I,2,4-TRIMETHYLBENZENE 10 7 4 4 4

---- --- --- --- --- --- ---- --- --- --- --- --- --- ---- --- --- --- --- --- ---
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TABLE B-12. RATIOS OF (NORMALIZED AS PERCENT OF STANDARD) CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE DEEP WATER STERILE BOTTLE TESTS (CONCLUDED).

DAYS

2 4 8 17 29

DECANE 38 49 40 42 41

1,2,3-TRIMETHYLBENZENE 9 5 0 0 0

INDAN 22 26 19 22 21

UNDECANE 66 71 61 67 64

NAPHTHALENE 55 50 33 35 34

DODECANE 86 86 77 82 80

TRIDECANE 94 95 91 93 93

TETRADECANE 100 100 100 100 100

PENTADECANE 98 100 103 93 98

HEXADECANE 102 104 111 79 106

a NS means insufficient sample size (based on the concentration of tetradecane,

the persistent hydrocarbon used as the internal standard) was available to
ascertain the presence or absence of the hydrocarbon. Detection limits were
different for each hydrocarbon because of the relative sensitivity of the gas
chromatograph detector response.

. Sample size (based on the concentration of tetradecane, the persistent hydro-

carbon used as the internal standard) was large enough, but hydrocarbon con-
centration below detection limits. Detection limits were different for each
hydrocarbon.

139



*p* 'W ~L~StVVV~ U % 1 ~ WWtw ~ - ~ P "0 "1.t"0~J*P~ ~ % I I ".1 1 I*..l"XI~

TABLE B-13. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE SHALLOW WATER TRAYS.

DAYS

3 4 7 14 21 29

BENZENE NSa NS 0b NS NS NS

CYCLOHEXANE 6 0 2 2 0 0
------------------------------------------------------------------------------------
2,3-DIMETHYLPENTANE 8 0 3 4 0 0

3-METHYLHEXANE 9 4 4 4 12 10

HEPTANE 10 5 4 5 NS 3

METHYLCYCLOHEXANE 10 4 4 5 0 0

2,-DIMETHYLHEXANE 14 0 7 8 0 NS---------------------------

2,5-DIMETHYLHEXANE 13 0 6 7 0 0S

METHYLBENZENE (TOLUENE) 14 6 6 6 0 0

2-METHYLHEPTANE 16 8 8 9 6 5

3-METHYLHEPTANE 5 2 2 2 8 6

1,1-DIMETHYLCYCLOHEXANE NS NS NS 0 NS NS

*OCTANE 19 11 10 11 7 7

ETHYLCYCLOHEXANE 21 13 12 14 12 10
-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

*ETHYLBENZENE 18 8 8 10 0 0
m - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - -

M-XYLENE 17 6 6 8 0 0

P-XYLENE 21 11 11 12 NS 8

O-XYLENE 19 0 8 4 0 0

NONANE 32 21 21 23 19 15

ISOPROPYLBENZENE (CUMENE) 25 NS 13 0 NS NS

1,3,5-TRIMETHYLBENZENE 36 23 16 14 41 18

I ,2,4-TRIMETHYLBENZENE 36 19 20 16 0 8

140



7n l- r M tf raxMrMr W p' n"r 349 " R01 flWV " %nrn TVl 59 V. M' V9. V73 *rV OR 113 1

TABLE B-13. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF rETRADECANE IN SAMPLES
TAKEN FROM THE SHALLOW WATER TRAYS (CONCLUDED).

DAYS

3 4 7 14 21 29

DECANE 47 36 36 39 34 29

1,2,3-TRIMETHYLBENZENE 29 16 19 13 0 14

INDAN 42 26 32 35 25 0

* UNDECANE 62 53 50 55 49 45

NAPHTHALENE 60 47 37 41 28 31

DODECANE 76 73 68 70 70 67

TRIDECANE 93 86 89 88 84 81

TETRADECANE 100 100 100 100 100 100

PENTADECANE 101 106 97 101 122 121

HEXADECANE 111 0 98 93 NS 140

a NS means insufficient sample size (based on the concentration of tetradecane,
the persistent hydrocarbon used as the internal standard) was available to
ascertain the presence or absence of the hydrocarbon. Detection limits were
different for each hydrocarbon because of the relative sensitivity of the gas
chromatograph detector response.

b Sample size (based on the concentration of tetradecane, the persistent hydro-

carbon used as the internal standard) was large enough, hut hydrocarbon con-
centration below detection limits. Detection limits were different for each
hydrocarbon.
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TABLE B-14. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE DEEP WATER TRAYS.

3 4 10 DAS 14 21 37

BENZENE Ob 0 0 0 0 NSaI- ----
CYCLOHEXANE 3 4 4 0 0 0

2,3-DIMETHYLPENTANE 0 6 6 0 0 0

3-METHYLHEXANE 6 6 6 10 6 4

HEPTANE 7 7 8 12 5 5

METHYLCYCLOHEXANE 7 7 * 8 6 4 4

2--IMETHYLHEX ------------NE---10----10----11----0-- 0 0 -

2,4-DIMETHYLHEXANE9 10 10 11 150 0

METHYLBENZENE (TOLUENE) 9 10 11 9 5 6

2-METHYLHEPTANE 10 12 13 20 14 8

3-METHYLHEPTANE 3 4 4 6 4 2

1, 1-DIMETHYLCYCLOHEXANE 0 NS NS NS NS NS

OCTANE 14 14 16 23 16 8

ETHYLCYCLOHEXANE 17 16 18 26 22 11

ETHYLBENZENE 14 13 13 NS 16 13

M-XYLENE 13 13 12 0 9 6

P-XYLENE 16 16 17 20 20 11

O-XYLENE 11 16 14 0 0 0h

NONANE 26 25 28 38 35 20

ISOPROPYLRENZENE (CUMENE) NS 23 22 0 NS NS
---- --- ---- --- --- ---- --- --- ---- --- ---- --- --- ---- --- --- ---- --- ---

1,3,5-TRIMETHYLBENZENE 31 29 33 29 29 22---- --- --- --- --- --- ---- --- --- --- --- --- --- ---- --- --- --- --- --- ---
1,2,4-TRIMETHYLBENZENE 28 29 34 NS 7 16

---- --- ---- --- --- ---- --- --- ---- --- ---- --- --- ---- --- --- ---- --- ---
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TABLE B-14. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE DEEP WATER TRAYS (CONCLUDED).

DAYS

3 4 10 14 21 37

DECANE 41 39 44 55 52 34

1,2,3-TRIMETHYLBENZENE 24 26 26 NS NS 16

INDAN 34 40 36 NS NS NS

UNDECANE 57 52 60 69 66 98

NAPHTHALENE 46 45 55 37 35 34

DODECANE 75 66 75 85 82 70

TRIDECANE 90 88 91 91 92 90

TETRADECANE 100 100 100 100 100 100

PENTADECANE 104 98 109 123 113 107

HEXADECANE 109 0 106 NS NS NS

a NS means insufficient sample size (based on the concentration of tetradecane,

the persistent hydrocarbon used as the internal standard) was available to
ascertain the presence or absence of the hydrocarbon. Detection limits were
different for each hydrocarbon because of the relative sensitivity of the gas
chromatograph detector response.

h Sample size (based on the concentration of tetradecane, the persistent hydro-

carbon used as the internal standard) was large enough, but hydrocarbon con-
centration below detection limits. Detection limits were different for each
hydrocarbon.
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TABLE B-15. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE SHALLOW WATER SITE IN THE FIELD (CONTINUED).

DAYS

1 7 20 27 35

BENZENE 18 0 NSa NS NS

CYCLOHEXANE b  0 0 0 O

2,3-DIMETHYLPENTANE 20 0 0 0 0

3-METHYLHEXANE 21 26 0 0 0

HEPTANE 26 31 0 0 0

METHYLCYCLOHEXANE 20 25 0 0 0

2,5-DIMETHYLHEXANE 34 0 NS NS 0

2,4-DIMETHYLHEXANE 31 32 0 0 0

METHYLBENZENE (TOLUENE) 28 34 0 0 0

2-METHYLHEPTANE 36 36 0 0 0

3-METHYLHEPTANE 13 17 0 0 0

],]-DIMETHYLCYCLOHEXANE 0 NS NS NS NS

OCTANE 41 43 0 0 0

ETHYLCYCLOHEXANE 43 45 0 0 NS

ETHYLBENZENE 19 0 0 0 0

M-XYLENE 6 14 NS 0 NS

P-XYLENE 29 30 0 0 0

O-XYLENE 10 0 0 0 0

NONANE 56 54 16 26 32

ISOPROPYLBENZENE (CUMENE) 0 0 0 0 NS

1,3,5-TRIMETHYLBENZENE 23 20 0 0 NS

1,2,4-TRIMETHYLBENZENE 24 28 0 0 0
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TABLE B-15. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE SHALLOW WATER SITE IN THE FIELD (CONCLUDED).

DAYS

1 7 20 27 35

DECANE 67 65 33 47 51
-------------------------------------------------------------------------------

1,2,3-TRIMETHYLBENZENE 16 27 0 0 0

INDAN 38 0 0 0 NS

UNDECANE 77 72 49 67 74

NAPHTHALENE 46 47 0 49 52
-------------------------------------------------------------------------------

DODECANE 85 86 70 83 78

TRIDECANE 87 90 88 96 92

TETRADECANE 100 100 100 100 100

PENTADECANE 100 118 111 0 112

HEXADECANE 153 NS NS NS NS

a NS means insufficient sample size (based on the concentration of tetradecane,
the persistent hydrocarbon used as the internal standard) was available to
ascertain the presence or absence of the hydrocarbon. Detection limits were
different for each hydrocarbon because of the relative sensitivity of the gas
chromatograph detector response.

b Sample size (based on the concentration of tetradecane, the persistent hydro-
carbon used as the internal standard) was large enough, but hydrocarbon con-
centration below detection limits. Detection limits were different for each
hydrocarbon.
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TABLE B-16. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE DEEP WATER SITE IN THE FIELD.

DAYS

1 4 7 10 14 20

BENZENE NSa NS NS NS NS o

CYCLOHEXANE 22 0 0 0 0 0

2,3-DIMETHYLPENTANE 31 0 0 0 0 0

3-METHYLHEXANE 32 33 57 48 17 10

HEPTANE 36 38 22 20 20 11

*METHYLCYCLOHEXANE 34 0 0 0 0 0

*2,5-DIMETHYLHEXANE NS NS NS NS 0 0

2,4-DIMETHYLHEXANE 40 42 0 0 0 0

*METHYLBENZENE (TOLUENE) 47 50 0 0 0 0

2-METHYLHEPTANE 43 46 29 29 32 22

3-METHYLHEPTANE 20 21 36 31 11 6

191-DIMETHYLCYCLOHEXANE NS NS NS NS NS 0

OCTANE 50 54 38 34 38 25

ETHYLCYCLOHEXANE 51 57 40 36 42 29

ETHYLBENZENE 39 45 0 0 0 0

*M-XYLENE 38 42 0 0 0 11

P-XYLENE 45 50 0 0 33 26

0-XYLENE 24 30 0 0 0 0

NONANE 61 66 57 54 59 47

ISOPROPYLBENZENE (CUMENE) NS NS NS NS NS 0

1,3,5-TRIMETHYLBENZENE 55 62 38 NS 42 32

1 ,2o4-TRIMETHYLBENZENE 49 57 0 0 0 0
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TABLE B-16. RATIOS (NORMALIZED AS PERCENT OF STANDARD) OF CONCENTRATIONS OF
SELECTED HYDROCARBONS TO CONCENTRATIONS OF TETRADECANE IN SAMPLES
TAKEN FROM THE DEEP WATER SITE IN THE FIELD (CONCLUDED).

DAYS

1 4 7 10 14 20

DECANE 68 74 77 68 76 64

1/2/3-TRIMETHYLBENZENE 44 45 0 0 0 0

INDAN 0 NS NS NS NS 0

UNDECANE 72 72 80 76 85 75

NAPHTHALENE 50 54 39 0 57 37

DODECANE 83 85 92 90 97 88

TRIDECANE 89 87 93 93 q8 91

TETRADECANE 100 100 100 100 100 100

PENTADECANE 1l4 104 103 NS 140 125

HEXADECANE NS NS NS NS NS 0

a NS means insufficient sample size (based on the concentration of tetradecane,

the persistent hydrocarbon used as the internal standard) was available to
ascertain the presence or absence of the hydrocarbon. Detection limits were
different for each hydrocarbon because of the relative sensitivity of the gas
chromatograph detector response.

b Sample size (based on the concentration of tetradecane, the persistent hydro-

carbon used as the internal standard) was large enough, but hydrocarbon con-
centration below detection limits. Detection limits were different for each
hydrocarbon.
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